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ABSTRACT 
Graphene oxide (GO) material is produced through chemical oxidation of graphite to 
produce large scale of graphene material by chemical reduction of GO. Its hydrophilic 
property and kinetically stable in colloidal suspensions allows new saturable absorber 
(SA) fabrication technique to be explored suited with the optical fiber technology where 
the graphene and carbon nanotube could not achieve due to their chemical properties 
limitation. In this regard, GO can be used as an alternative material to build SA device 
in generating Q-switched fiber laser. Such fiber laser can be used in various applications 
such as in range finding, remote sensing and so on that utilize high pulse energy and 
short pulse width. In this thesis, two different types of GOSA devices have been 
successfully fabricated and characterised for Q-switched fiber laser generation at the 
telecommunication C-band and eye-safe 2 micron band. The first GOSA device is 
fabricated from pure graphite using simplified’s Hummer’s method to produce 0.5 
mg/mL GO colloidal suspension. Then a film form is yielded on a 90 mm petri dish 
through drop-casting method. Raman spectrum analysis on the defect density of the film 
via the intensity ratio value (ID/IG) reveals that the fabricated GO has high degree of 
crystalline defect and some partially retain aromatic sp2 carbon ring structure which is 
mainly responsible for saturable absorption. The Q-switched fiber laser at C-band, has a 
Q-switched threshold of 65 mW with a maximum average output power of 0.11 mW, 
and pulse energy of 4.3 nJ. The narrowest pulse width of 7.7 µs and a maximum 
repetition rate of 27.2 kHz are obtained at the maximum pump power. The second 
GOSA device is fabricated via optical deposition method by having graphite oxide 
nanopowder dispersed in water-contained beaker and deposited on a fiber ferrule facet. 
A comparison analysis on the intensity ratio (ID/IG) and effective aromatic cluster 
correlation length, LAeff suggests that GOSA by optical deposition (ID/IG=0.92) has 
higher capacity for saturable absorption than the GOSA film (ID/IG=0.86) due to having 
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larger effective aromatic cluster size and more aromatic rings. The Q-switched fiber 
laser at 2 micron region using the optically deposited GO layers has a threshold of 125 
mW with a maximum pulse repetition rate of 16.0 kHz and minimum pulse width of 9.8 
µs. The maximum average output power of 0.3 mW and pulse energy of 18.8 nJ were 
obtained. In the third system, a commercial GO in a paper form has been compared with 
the GO film to evaluate the structure issue of the film that leads to nonsaturable loss.  
The GO paper has been successfully been utilized to generate narrow spacing Q-
switched dual-wavelength fiber laser at the C-band region which will find useful for 
terahertz signal generation. This research work in generating Q-switched fiber lasers 
using the GOSAs have shown some potential where further system optimization is 
required to find their practical applications. Moreover, the advantages of GO properties 
has proven to provide an efficient solution that reduce time and cost to fabricate the 
saturable devices. 
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ABSTRAK 
Bahan GO dihasilkan melalui pengoksidaan kimia daripada grafit untuk 
menghasilkan bahan grafin yang berskala besar melalui kaedah pengurangan kimia GO. 
Sifat GO yang hidrofilik dan juga penggantungan akueus yang stabil secara kinetik 
membolehkan teknik baharu fabrikasi peranti penyerap penepuan (SA) diterokai melalui 
kaedah teknologi gentian optik di mana grafin dan CNT tidak dapat dicapai disebabkan 
oleh sifat-sifat kimianya yang terhad. Dalam hal ini, GO boleh digunakan sebagai bahan 
alternatif untuk membina peranti SA dalam menjana laser gentian suis-q. Laser gentian 
tersebut boleh digunakan dalam pelbagai aplikasi, termasuklah penemuan had jarak, 
penderiaan jauh, dan sebagainya yang menggunakan tenaga nadi tinggi dan lebar denyut 
pendek. Dalam tesis ini, dua jenis peranti GO penyerap penepuan yang berbeza telah 
berjaya difabrikasikan dan dicirikan untuk generasi laser gentian suis-q di 
telekomunikasi band-C dan mata-selamat 2 band mikron. Peranti GOSA pertama 
diperbuat dari grafit tulen menggunakan kaedah Hummer yang dipermudahkan untuk 
menghasilkan 0.5 mg/mL GO penggantungan koloid. Kemudian, pementukan filem 
dihasilkan di atas piring petri 90 mm melalui kaedah titisan pemutus. Raman analisa 
spektrum terhadap kepadatan kerosakan melalui nilai nisbah keamatan (ID/IG) 
mendedahkan bahawa fabrikasi GO mempunyai kadar kerosakan hablur yang tinggi di 
samping sebahagian struktur kelompok aromatik karbon sp2 dikekalkan di mana ia 
bertanggungjawab ke atas penyerapan tepu. Laser gentian suis-q di band-C, mempunyai 
ambang suis-Q 65 mW dengan kuasa maksima purata pengeluaran 0.11 mW, dan tenaga 
nadi 4.3 nJ. Manakala, lebar denyut sempit 7.7 µs dan kadar pengulangan maksimum 
27.2 kHz diperoleh pada kuasa pam yang maksimum. Peranti GOSA yang kedua telah 
difabrikasikan melalui teknik pemendapan optik di mana serbuk nano grafit oksida yang 
disuraikan di dalam bikar yang mengandungi air dan didepositkan ke atas permukaan 
sirat ferrule. Analisa perbandingan nisbah keamatan (ID/IG) dan keberkesanan kelompok 
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aromatik panjang korelasi, LAeff mencadangkan bahawa GOSA oleh pemendapan optik 
(ID/IG=0.92) mempunyai kapasiti yang lebih tinggi untuk penyerapan tepu berbanding 
filem GOSA (ID/IG = 0.86) kerana saiz keberkesanan kelompok aromatiknya yang lebih 
besar dan jumlah cincin aromatik yang lebih tinggi. Laser gentian suis-q pada 2 band 
mikron yang menggunakan GOSA oleh pemendapan optik mempunyai suis-q ambang 
125 mW dengan kadar pengulangan nadi maksimum 16.0 kHz dan lebar denyut minima 
sebanyak 9.8 µs. Maksimum purata kuasa keluaran yang diperoleh ialah 0.3 mW 
manakala tenaga nadi sebanyak 18.8 nJ. Dalam sistem yang ketiga, GO komersial 
dalam bentuk kertas telah dibandingkan dengan filem GO untuk menilai isu struktur 
filem tersebut yang membawa kepada kehilangan tidak tepu. Kertas GO telah berjaya 
digunakan untuk menjana jarak sempit dwi-panjang gelombang laser gentian suis-q di 
kawasan band-C yang didapati berguna untuk generasi isyarat terahertz. Kerja-kerja 
penyelidikan dalam menjana laser gentian suis-q yang menggunakan GOSA telah 
menunjukkan potensi dan pengoptima sistem lanjut diperlukan untuk membawa mereka 
kepada aplikasi yang praktikal. Selain itu, kelebihan ciri-ciri GO telah terbukti dapat 
memberikan penyelesaian yang cekap di mana ia mampu mengurangkan masa dan kos 
untuk membina peranti penyerap penepuan. 
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CHAPTER 1: INTRODUCTION 
1.1 Background 
The appearance of the Q-switching technology has a significant benefit in laser 
technology in many aspects due to the short pulse width and high pulse energy of the Q-
switched laser. Such benefits include the development of non-linear optics (Geist et al., 
1997, Stöppler et al., 2010) and technologies such as range finding, remote sensing, 
laser radar, telecommunication, spectroscopy and biotechnology (Stöppler et al., 2010, 
Kölbl et al., 2008, Kilpela et al., 2001, Vicente et al., 2004, Koechner, 2006, 
Skorczakowski et al., 2010, Wang et al., 2012). Q-switching a laser resonator will 
results in pulsed laser generation, having higher output power for short duration than 
would be achieved in continuous wave operation. Moreover, in some applications, Q-
switched laser is much preferred to mode-locked laser due to having longer pulse 
duration and offer higher pulse energy. 
Q-switching is enabled by modulating losses in a laser resonator either through 
actively such as using acoustic-optics (Delgado-Pinar et al., 2006, Zhao et al., 2007) and 
electro-optic modulators (El-Sherif et al., 2003, Michelangeli et al., 1986) or passively 
such as using saturable absorbers (Kurkov et al., 2011, Spühler et al., 1999, Hakulinen 
et al., 2007). Nevertheless, passively q-switching is still a prime choice for generating 
these high energy pulses due to its simpler in operation and provides important laser 
features such as compactness, high reliability and low cost. Furthermore, due to the 
advance development of optical fiber technology, Q-switched fiber based laser can be 
generated that offers small footprint, better beam quality and can easily dissipate heat as 
compared with laser based on bulk gain media (Svelto and Hanna, 1998). 
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Recently, passively Q-switched fiber lasers have been demonstrated using allotropes 
of carbon such as graphene (Wang et al. 2012, Sun et al. 2010) and carbon Nanotubes 
(CNTs) (Ahmad et al., 2013, Harun et al. 2012) which have been proven to be very 
capable as Saturable absorber (SA) for modulating losses in the resonator that works 
based on non-linear saturable absorption principle. These materials are proven to be 
capable as SAs which outperform the semiconductor saturable absorber mirror 
(SESAM) in terms of non-saturable loss, operation bandwidth, and fast absorber 
recovery time. Moreover, SESAMs exhibit complex and expensive quantum well 
structures and its fabrication requires molecular beam epitaxy on distributed Bragg 
reflectors (Okhotnikov et al., 2004, Agrawal et al., 2010). Meanwhile, graphene has 
seen substantial deployment as an SA due to its remarkable optical properties; having 
strong non-linear saturable absorption with a wide operating spectral range and ultrafast 
relaxation time.  
Graphene sheets have been fabricated from many widely used methods such as 
micromechanical cleavage (Novoselov et al., 2004), epitaxial growth on silicon carbide 
(Berger et al., 2006), chemical vapour deposition (Reina et al., 2008) and chemical 
exfoliation (Stankovich et al., 2006, McAllister et al., 2007). Micromechanical cleavage 
technique has shown to be difficult to exfoliate single layer graphene from bulk graphite 
although it provides the lowest cost for fabricating graphene. Overall, the chemical 
exfoliation method is known to be the most effective and efficient way to prepare 
graphene sheets at large scale from bulk graphite (Stankovich et al., 2007), in which an 
intermediate process with  graphene oxide (GO) sheets is involved (Stankovich et al., 
2006, Stankovich et al., 2007).  GO is produced through chemical oxidation of graphite 
(Hummers Jr et al., 1958, Brodie et al., 1860, Staudenmaier et al., 1898), that seems to 
provide the only solution for preparing highly dispersed and stable colloid of quasi two-
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dimensional single layer crystallite carbon sheets. Then after which, pure crystallite 
graphene sheets are produced via chemical reduction of GO (Stankovich et al., 2007). 
1.2 Research motivation 
Recent research has discovered GO unique and useful properties (Haubner et al., 
2010), where it can be used in many potential and practical applications such as in the 
electronics (Eda & Chhowalla, 2010, Eda et al., 2008, Wei et al., 2010), energy (Gao et 
al., 2011a, Li et al., 2010,  Zhao et al., 2012), biosensor (Balapanuru et al., 2010) and 
optics (Loh  et al., 2010, Gómez-Navarro et al., 2007, Eda et al., 2010). However, GO 
has lower quality of crystalline structure than graphene, due to the oxygen functional 
groups covalently bonded in its basal plane which makes it behave more of an insulator 
as compared to graphene.  
A single layer of GO contains oxygen functional groups, with hydroxyl and epoxide 
are bonded at its basal plane, while carbonyl and carboxyl groups are located at the 
edges. These groups make GO highly hydrophilic and negatively charged in water or 
other solvent where the colloidal dispersion is found to be stable. As a result, these 
properties allow the colloidal suspension to be adaptable and able to process into 
macroscopic assemblies and structures at high volume. This opens up the possibilities in 
exploring new techniques of SA fabrication suited with the fiber technology where the 
CNT and graphene could not achieve due to their chemical properties limitation. The 
advantages of GO properties can provide an efficient solution that can reduce time, 
resource and cost to fabricate the SA device. With this background and abstraction, a 
research work is needed to provide the evident and necessary information regarding to 
the GO SA fabrication capability and its Q-switched fiber laser performance. This 
research work certainly can bring contribution to many fields such as in photonics, fiber 
laser industry, telecommunication and material engineering.    
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1.3 Objectives and scopes of present work  
The main objective of this research work is to generate Q-switched fiber laser by 
using saturable absorber (SA) that will be fabricated based on graphene oxide (GO) 
material to provide simpler and cost-effective solution instead of using graphene, CNT 
and SESAM SAs. Specifically, the scopes of the research work and objectives are 
described as followed: 
1) Fabrication and characterisation of GO film 
-To fabricate pure GO colloidal suspension with a concentration of 0.5 
mg/mL using simplified Hummers method as demonstrated by Huang et 
al. (2011).  
-To characterise and analyse the GO colloidal suspension using the UV-
visible spectroscopy technique to confirm the presence of GO material via 
the UV-visible absorption spectrum signatures. 
-To fabricate GO in a film form on a 90 mm petridish through drop-casting 
method.  
-To characterise the GO film using Raman spectroscopy technique and to 
make comparison with the measured CNT Raman spectrum. 
-To specifically modify relationship model of ID/IG intensity ratio with an 
effective aromatic cluster correlation length based from Ferrari and 
Robertson (2000) for GO material, in order to evaluate the degree of defect 
and to estimate the saturable absorption. 
2) Generation of Q-switched fiber laser at the C-band using the GO film  
-To experimentally generate Q-switched fiber laser using 21 cm length of 
Bismuth-erbium doped fiber (Bi-EDF) as a gain medium and the GO film 
in a ring configuration setup. 
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-To measure and discuss the measured Q-switched laser performance with 
the established Q-switched laser theories.  
3) Fabrication and characterisation of optically deposited GO layers on a fiber 
ferule. 
-To deposit GO layers onto a fiber ferule facet using optical deposition 
method. This is performed by mixing Graphite oxide powder in a beaker-
contained water to deposit GO layers on fiber ferule facet without the use 
of chemical agent or other techniques for material dispersion. In addition, 
the optical deposition theory will be presented in order to evaluate the 
fabrication process. 
-To characterise the deposited GO layers using Ramanspectroscopy 
technique to confirm the presence of the GO material on the fiber ferule. In 
addition, a material comparison analysis with the GO film will be covered 
to evaluate the density of defect and the saturable absorption from the 
samples. 
4) Generation Q-switched fiber laser at the 2 micron band using the deposited 
GO layers. 
-To experimentally generate Q-switched fiber laser using thulium-doped 
fiber as gain medium and the deposited GO layers as SA.  
-To measure and evaluate the Q-switched laser performance. 
5) Generation of Q-switched dual-wavelength fiber laser using GO in a paper 
form. 
-To review and compare the material structure of the GO paper with the 
GO film. 
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-To experimentally generate Q-switched dual-wavelength fiber laser at C-
band using the GO paper. 
-To make comparison on the optical spectra measurements of the dual-
wavelength lasers using low and high resolution optical spectrum 
analysers.  
-To measure and evaluate the Q-switched laser performance. 
1.4 Thesis overview 
This thesis is organized into 7 chapters. After this introduction, in chapter 2, the 
theoretical review and the modification of the differential rate equations and pulse-build 
up equations to describe Q-switched fiber laser operation in a unidirectional ring 
configuration setup will be presented. In addition, the saturable absorber principle 
which describes the non-linear saturable absorption at the micro- and macro-scopic 
scales will also be reviewed. Here, the ideas of generating Q-switched laser is clearly 
seen which motivate us to work on the GO based saturable absorber to generate Q-
switched fiber lasers. 
In Chapter 3, the GO molecular bonding and energy band structures will be 
presented to guide in the SA fabrication process and characterisation analysis. The 
fabrication method of a pure GO in solution form will be presented. Then, it will be 
characterised based on UV-visible absorption spectrum. The UV-visible spectrum 
analysis will provide the information regarding to the number of the sp2 aromatic rings 
and confirm the yield of GO colloidal suspension. Then, the fabrication method of a 
solid-state GO in a film form will be demonstrated. The Raman spectrum analysis will 
be performed to characterise the film that gives valuable information regarding to its 
density of defect and saturable absorption. Here, the theory related to Raman spectrum 
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measurement specifically for carbon material will be covered to accurately analyse the 
GO Raman spectrum and comparison will be made with the CNT Raman spectrum. 
In Chapter 4, the successfully fabricated GOSA will be incorporated in a fiber laser 
resonator to generate Q-switched laser.  The setup will include a 21 cm long of Bi-EDF 
which is used as a gain medium to study the gain and loss dynamics along with the 
GOSA. This is accomplished by measuring the Q-switched fiber laser performance with 
the theories presented in chapter 2 to describe and explain the expected and the 
unexpected behaviours of the generated Q-switched pulse. 
In Chapter 5, fabrication of GOSA based on optical deposition method is presented 
taking the advantage of GO hydrophilic behaviour to facilitate and reduce the cost of 
fabrication. Here, the optical deposition method based on thermophoresis and heat 
convection effects with GO dispersed in water will be discussed in detail. Moreover, 
Raman spectrum is used for the SA characterisation and comparison is made with the 
SA in chapter 3 in terms of density of defects and saturable absorption. Finally, an 
experiment with the fabricated GO on generating fiber laser in the 2 µm region will be 
demonstrated with a 2m long Thulium doped fiber is used as gain medium. Similar to 
chapter 3, the Q-switched laser performance will be analysed in detail. 
In Chapter 6, a Q-switched dual-wavelength fiber laser will be demonstrated using 
commercialised GO paper. Here, the structure of GO paper will be compared with the 
GO film for evaluation. The dual-wavelength fiber laser is consists of photonic crystal 
fiber, polarization controller and tunable-band pass filter which act as the main 
components responsible for the generation of the dual-wavelength laser.  
Finally, Chapter 7 concludes the contributions of present work and the directions of 
future work.  
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CHAPTER 2: THEORETICAL REVIEW ON PASSIVELY Q-SWITCHED 
FIBER LASER OPERATION AND SATURABLE ABSORBER PRINCIPLE 
2.1 Introduction 
The theory behind Q-switched pulse generation was first presented by Wagner and 
Lengyel (1963) based on ruby laser and followed by Saleh et al. (1991) and Davis et al. 
(2014). However, the presented differential rate equations by the respective researchers 
are suited for the Q-switched laser operation in an ideal instantaneous q-switch regime, 
with linear configuration setup and having non-continuous pump scheme. 
In this research work, where graphene oxide (GO) material will be used as saturable 
absorber, more parameters needs to be considered to accurately model the more non-
linear laser system which is based on using ring configuration setup with continuous 
pump scheme via laser diode. This allows us to characterise the Q-switched laser using 
GO material more accurately and to explain the expected and unexpected experimental 
results obtained which will be presented in later chapters. 
Moreover, in this chapter, the principles related to Q-switched laser operation with a 
saturable absorber (SA) will be reviewed from the recent work made by several 
researchers and the necessary modification will be made to meet the laser specifications 
mentioned. The principles include the differential rate equations and Q-switched 
threshold condition that describe the Q-switched laser operation. In addition, the 
important saturable absorption parameters and relationships will also be reviewed and 
analysed which form the building block for the q-switching process. 
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2.2 Q-switching in fiber laser with saturable absorber 
In passive q-switching, a modulator requires no external power, providing the 
advantages in terms of cost, compactness and design complexity as compared to active 
q-switching. There are many ways of approaching passively q-switching. Such example 
is using a SA, namely the Semiconductor Saturable Absorption Mirrors (SESAMs) 
(Hakulinen and Okhotnikov, 2007). The operation of the SA is based on the non-linear 
saturable absorption principle which is at high optical intensity, the transmission is 
larger than at low optical intensities.  
 
 
 
  
 
                                 
Figure 2.1: Two- level system showing optically generated electron-hole pair 
formation in a saturable absorber with a) saturable absorption process and b) SA in 
saturation mode. 
 
The saturable absorption process can be described at a microscopic scale as shown in 
figure 2.1. At high optical intensity and with the right photon energy(hv ≥
Eg, the	band	gap	energy	of	the	SA), saturable absorption will occur and electron-hole 
pair will be produced as shown in figure 2.1 a). The excess photon energy (hv > Eg) 
may give the electron kinetic energy which will dissipate as heat, resulting the electron 
relaxes at a more stable excited state. The large absorption of radiation due to high 
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optical intensity will cause large changes in the absorption rates of the SA.  Based from 
Pauli Exclusion Principle, when the excited state is fully occupied, the net absorption 
becomes very small and the material is said to be saturated. Then the subsequent light 
could no longer be absorbed leaving the SA momentarily transparent for light 
transmission as shown in figure 2.1 b). Once the subsequent light passed through the 
SA, excited state absorption effect and electron-hole recombination can occur which 
reduces the transmitted light intensity and recovers the saturable absorption 
respectively. 
2.3 Differential rate equations  
For more accurate description of the highly non-linear Q-switched operation, the 
following differential rate equations and the supporting equations which have been 
modified slightly based on the ones presented by Savastru et al. (2013) and Savastru et 
al. (2012) are used. It is also noted that, the equations are valid for quasi-three level 
active medium (with inversion reduction factor,  = 1 for Er3+ doped fiber), considering 
a ring resonator configuration (unidirectional light propagation), continuous pumping 
condition, including both the upper and ground states absorption of the SA and 
excluding the carrier interaction. 
 
,-
,.
= -
/01
2σ4N4l4 − σ84N84l8 − σ89N89l8 − α;.< + S								(2.3.1)                  
ABC
AD
= −	&E$F$"$G −
BC
HC
+ IJ																																													(2.3.2)            
K"#$
KL
= −#&E#$F#"#$G +
"#%
M#%
																																										(2.3.3) 
MND =
FN
&
																																																																																			(2.3.4) 
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IJ ≈
QJ
ℎR$F$
										(2.3.5) 
The list of parameters and their definitions for equations (2.3.1-2.3.5) are summarized 
as follows: 
G: photon density, 
S: spontaneous emission, 
"$: population inversion density of the gain medium, 
"#$: the population density of SA at the ground absorbing state, 
"#%: the population density of SA at the excited absorbing state, 
R$: area of the fiber core 
F$: the length of the gain medium, 
F#: the length or thickness of the SA, 
FN: the resonator length, 
&: the speed of light, 
IJ: the pumping rate density of active medium, 
TND:  is the nonsaturable intracavity round-trip dissipative optical loss, 
#: inversion reduction factor of the SA, 
E$: the stimulated emission cross sectional area of the gain medium, 
E#$ : the ground state absorption cross-section of the SA, 
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E#%:	the excited-state absorption cross-section in SA, 
MND : the round trip transit time in the laser resonator; 
M$: the excited-state relaxation time for the gain medium, 
M#%: the excited state life time of the SA, 
QJ: pumping power, 
ℎ: energy of laser photon. 
Both equations (2.3.1) and (2.3.2) describe how the increase rate of photon density 
and the decrease rate of population inversion behave respectively. Equation (2.3.1), the 
product of population density at ground state, "#$ with its ground absorbing cross 
section, E#$ and the population density at the excited state, "#% with its excited state 
cross section, E#% of the SA are included to model the non-linear passively q-switching 
operation. They have a decrement effect on the photon density increase rate while the 
spontaneous emission, S can contribute to the increase rate of photon density.  
Equation (2.3.2) specifically introduces parameters related to the gain medium 
(specifically the quasi-three level fiber gain medium) and includes the pumping rate 
density,	RW which in turn proportionally relates to the pumping power, PW as defined in 
equation (2.3.5) by considering continuous pump scheme. The equation states that the 
decrease rate of the population inversion increases as the population inversion density is 
increased with having the pumping rate of gain medium have an opposite impact to the 
decrease rate.  
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In equation (2.3.3), the behaviour of the decrease rate of absorption at the ground 
state of the SA is described, where the decrease rate is fast when the population density 
at the ground state of the SA, "#$ is large, the incident light intensity is high and the 
population density of the SA at the excited state, "#%  is small. 
2.4 Q-switched threshold condition 
Based on the differential rate equations presented previously, the passively Q-
switched threshold expression with a saturable absorber (SA) can be derived. The 
expression can be developed at a transition time; that is from the laser system of having 
high loss, t=0, to having net increment of photon density, t>0. At t=0, the net increment 
experienced by a photon in the laser resonator is zero, where rate equation (2.3.1) = 0, 
and subsequently must be increasing, where the derivative of rate equation (2.3.1) > 0 at 
t>0. This leads to the passively Q-switched threshold condition (Gupta & Ballato, 
2006), 
TN =	
E#$F#
E$F$
>
"#E#$ + (TND F#⁄ )
"#ZE#$ − E#%[
					(2.4.1) 
where N8 is the total population density of the SA which includes the population at the 
ground and excited states and α;. is the resonator round-trip loss. The left hand side of 
the expression dictates that the absorption cross-section state of the SA,  σ84 must be 
greater than the stimulated emission cross-section area of the gain medium, σ4 to enable 
q-switching. Meanwhile, the right hand side of the expression describes the ratio of the 
total round-trip loss to the saturable round trip loss at t =0. In a system where the loss is 
dominated by SA (α;.,./α;.,8 ≈ 1), expression (2.4.1) simplifies and states that the loss 
of the SA saturates more quickly than the gain of the gain medium and q-switching can 
be initiated. In contrast, laser will tend to oscillate in CW regime when the expression 
(2.4.1) is unsatisfied. 
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Furthermore, the excited-state lifetime, τ89 of the SA has to be long enough, to 
enable the right amount of depletion of the ground-state population density upon 
illumination for q-switching operation, where the dynamics of this depletion has been 
described in the rate equation (2.3.3). In addition, the excited state absorption (ESA) 
cross section, E#% must be considerably smaller than that of the ground-state, E#$ to 
prevent the ESA effect and to enhance the saturable absorption of the ground state. The 
ESA effect can occur typically when the SA saturates (when the excited state becomes 
significantly populated via one-photon absorption) which lead to the possibility of these 
excited electrons being further photo-excited to another higher excited state. This effect 
will cause parasitic absorption at the high-intensity side of the Q-switched pulse 
transmission and form a source of loss in the laser resonator.  Therefore, it is desirable 
to use a material of minimum E#% E#$⁄  ratio for good passively Q-switched laser 
performance (Burshtein et al., 1998). 
2.5 Pulse-build up process  
The first pulse-build up process with the SA and a quasi-three level active medium 
and by considering continuous pumping condition can be illustrated in figure 2.2. It is 
noted that, the loss curve represent the saturable absorption of the SA and the 
nonsaturable loss from the resonator and the SA, while the gain curve represent the 
population inversion dynamics and the pulse curve represent the photon density 
dynamics. Both the SA and the gain medium are used to modulate the Q-value in the 
laser resonator and by the continuous pump scheme via laser diode pumping, the 
resonator will repeatedly Q-switched producing a train of pulses. The SA create loss (by 
absorbing light) thus delaying laser generation due to the suppression of stimulated 
emission in the gain medium. This allows the population inversion or gain to be raised 
at a high amount. When the laser gain has reached the initial 
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Figure 2.2: The first pulse build-up process for Q-switched laser with saturable 
absorber 
 
population density inversion value, "$^_, that is where the gain exceeds the total 
resonator loss, the photon density or pulse will then start to build up from amplified 
spontaneous emission (ASE) noise (Kashiwagi & Yamashita, 2010). The "$^_  can be 
described by the following equation with some modification is made by Savastru et al. 
(2012) and Gupta and Ballato (2006), to meet the laser system specifications as 
mentioned previously,  
"$^_ =	
"#E#$F# + TND
E$F$
															(2.5.1 
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Equation (2.5.1) is derived by assuming the pulse build-up time is generally quite short 
compared with the pumping and relaxation times of the gain medium. Moreover, it is 
derived by setting the left -hand side of the rate equation (2.3.1) to zero and assume that 
the population of the ground state of SA  is equal to the total population density of the 
SA, Nsg = Ns. And after time, the photon density will become large enough that it begins 
to saturate the SA and in subsequent, the total resonator loss will be reduced 
dramatically and high intensity of light will be transmitted. Due to the pulse generation, 
the gain will start to reduce and a pulse peak is formed after it has reached the Np value 
(Dong, 2003),  
 
"J =	"#F#E#% + TNDE$F$ 								(2.5.2) 
 
 
 
 
 
 
 
Figure 2.3: Pulse trains produced in a fiber laser with saturable absorber 
 
 
0
200
400
600
800
-500 0 500
O
pt
ic
a
l P
o
w
e
r 
(a.
u
.
) 
Time (µs) 
Trep 
17 
 
Equation (2.5.2) is derived by setting the left hand side of the rate equation (2.3.1) equal 
to zero and assuming at this time that the population density at the ground state is 
almost equal to zero, "#$ ≅ 	0. 
Once the Q-switched laser begins to oscillate in the resonator, the population density 
at the ground state of SA and population inversion of the gain medium begin to change 
rapidly, where a train of pulses can be generated as shown in figure 2.3. It is noted that, 
for the second and subsequent pulses, the initial population inversion will be different 
by considering the residual population inversion density, N4j (Savastru et al., 2012, 
Dong, 2003), 
"$^ = "kl − Z"kl −"$`[ expZ−nN%J M$⁄ [												 (2.5.3) 
"kl =	IJM$										(2.5.4) 
where T;9W is the time interval between laser pulses and "kl is the population inversion 
of the gain medium by continuous pumping. 
2.6 Saturable absorption parameters 
The most important properties of a SA for passively q-switching are the saturable 
absorption, nonsaturable absorption, saturation intensity, absorber recovery time and 
absorption bandwidth. These properties are governs by the chemical composition and 
atomic arrangement of the SA material and as well as the structure of the SA device. 
Moreover, the properties can be combined and described in a simple two-level non-
linear saturable absorption coefficient as shown in equation (2.6.1). It is noted that, due 
to normalisation, the saturable absorption is equivalent to modulation depth and 
nonsaturable absorption is now expressed as a percentage of linear absorption (Bao et 
al., 2011), 
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T(p = T_
1 + pp#
+ Tq#																									(2.6.1) 
 
Where T_ is the modulation depth, p is the incident light intensity, p# is the saturation 
intensity, and Tq#	 is the nonsaturable absorption. 
On the other hand, the saturable absorption can be expressed as, 
T# = E#$"																																						(2.6.2) 
The E#$ and N are the absorption ground cross section and concentration of the material 
respectively. The saturable absorption dictates the relative number of photons absorbed 
per unit distance from the SA material. If the saturable absorption coefficient is large, 
the photons are absorbed over a relatively short distance rather than deeper into the SA.  
 
 
 
 
 
 
            
Figure 2.4: Photon intensity, I vo versus distance, x for two different absorption 
coefficients. 
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This matter can be further illustrated by figure 2.4 where it shows the photon intensity, 
Iv0 as a function of distance, x for two general values of absorption coefficient.  The 
figure shows that if the absorption coefficient is large, the photons are absorbed over 
relatively short distance with the photon intensity decreases exponentially with distance 
through the SA.  
On the other hand, the nonsaturable absorption is the loss that cannot be saturated by 
the SA due to scattering loss, transmission loss, nonsaturable defect absorption, free 
carrier absorption, Auger recombination, and many more. The cause of the scattering 
loss might be due to the material surface roughness, rough interfaces, and lattice defect. 
Moreover, the minimum Q-switched pulse width that can be generated depends on the 
modulation depth of the SA that governs by both from the saturable absorption and 
nonsaturable loss properties. 
Furthermore, the saturation intensity from equation (2.6.1) can be defined as the 
intensity required in a steady state to reduce the absorption into half of its unsaturated 
value,  
p# = ℎtE#$M#% 													(2.6.3) 
where h is plank constant, f is the light frequency operation, E#$ is the absorption cross 
section at the ground state of the SA, and M#% is the excited state life time or the absorber 
recovery time. Equation (2.6.3) suggests that the longer excited state life time before 
recombination, the less continuous wave intensity is required to saturate the SA. 
 
 
20 
 
In order to demonstrate the absorption dynamics of the SA, figure 2.5 shows a plot of 
the normalized non-linear absorption at different normalized light intensity as described 
in equation (2.6.1). From the figure, when light intensity produced in the laser resonator 
is less than the saturation intensity (p < p#) of the SA, the optical absorption is high and 
lasing is prevented. When the light intensity,p ≥ p#, the absorption decreases and 
transmissivity gradually becomes greater. Finally, when p ≫ p# the absorption is 
saturated thus, the resonator is in high Q-value and Q-switched laser oscillation 
commence. However, the nonlinear saturable absorption could not reach 0% as shown 
is due to the nonsaturable loss property, Tns of the SA. 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: The non-linear saturable absorption dynamics as a function of light 
intensity in Q-switching. 
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2.7 Summary 
In this chapter, we have reviewed and modified the differential rate equations and 
pulse build-up equations to suit the need the interest of laser system specifications 
which will be presented in later chapter. Moreover, the non-linear of saturable 
absorption principle at the microscopic scale based on the two-level energy diagram 
have also been reviewed. In addition, the important properties of SA such as the non-
linear absorption coefficient, nonsaturable absorption, saturation intensity and with the 
relationship of light absorption in respect to the thickness of the SA having different 
absorption coefficients have been reviewed and analysed. 
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CHAPTER 3: FABRICATION AND CHARACTERISATION OF GRAPHENE 
OXIDE FILM AS SATURABLE ABSORBER 
3.1  Introduction 
Graphene oxide (GO) has a unique characteristic due to its polar surface properties 
(Haubner et al., 2010) that makes it different than the well-known sp2 carbon allotropes 
such as graphene (Wang et al., 2012,  Sun et al., 2010) and carbon nanotube (CNT) 
(Ahmad et al., 2013, Harun et al., 2012). This raises the interest to build a saturable 
absorber (SA) device from this material.  In this chapter, the fabrication process to build 
a GOSA in a film form will be demonstrated.  Initially, pure GO will be produced via 
chemical oxidation from  pure graphite flakes using simplified Hummer’s method 
(Huang et al., 2011) which provide faster reactant mixing time and the fabrication 
process required without any cooling treatment.   
The produced GO in a colloid form will be characterised using UV-visible 
spectroscopy technique. Then, a GO film will be yield on a 90 mm petri dish via drop-
casting method for the ready of integration with an optical fiber.  Raman spectroscopy 
technique will be used to characterise the solid-state GO in terms of disordered 
(amorphous) and ordered (crystalline) structures. Moreover, an indepth analysis on the 
intensity ratio (ID/IG) from the Raman spectrum will be discussed using a model 
modified from Ferrari and Robertson (2000) that relates to the retained crystal structure 
size of GO.   This parameter is important because it relates to the saturable absorption 
coefficient of the GO which are useful in predicting the material limits and its 
performance to generate Q-switched laser. 
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3.2  Graphene Oxide molecular bonding and electronic band structures 
This section will begin by reviewing on the molecular bonding and electronic band 
structures of GO. This step is essential in order to be familiarised with chemical terms 
and principles that will be used extensively in the SA fabrication and characterisation 
sections. Moreover, this section also provides the information related to the optical 
response, chemical, and electronic band structure of GO.  Nevertheless, graphite and 
graphene molecular bonding structures will be reviewed first as a platform in order to 
understand the more sophisticated GO molecular structure. 
 
 
 
 
 
 
 
 
 
 
  
Figure 3.1: 3-dimensional view of Crystalline Graphite’s molecular structure 
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        (a) 3-dimensional view                              
 
 
 
 
           
             (b) Geometrical top view on a plane  
Figure 3.2: sp2 carbon molecular bonding and geometry structures in a graphene sheet 
(a) 3-dimensional view (b) geometrical top view 
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The crystalline graphite molecular structure that composes many layers of graphene 
sheet stacking on top of each other is shown in Figure 3.1. A single sheet of graphene, 
has a planar structure with an array of carbon atoms that are covalently bonded and 
arranged in a honeycomb lattice (Avouris, 2010). The aromatic ring of graphene 
exhibits strong single σ bond and double bonds (σ and π bonds) between the carbon 
atoms arranged in an alternatively manner that consists of 6 carbon atoms to form a 
ring-like hexagon shape. This ring are repeated and bonded in array to form that 
honeycomb lattice.  On the other hand, the weak Van der Walls bond in between the 
sheets gives graphite the lubricant property; which explains that graphene flakes can be 
extracted easily using the scotch tape method (Chang et al., 2010). However that 
method suffers in controlling the thickness layer of graphene and the process is poor in 
repeatability. 
In graphene, the carbon atoms are sp2 hybridized and covalently bonded to form 
strong bonds as shown in Figure 3.2. The lobe-like structure of the orbitals in the figure 
is due to the electrons behaved like waves. In the double bonding region between two 
carbon atoms, one σ bond is formed contributed from two sp2 hybrid orbitals and creates 
σ and σ* orbitals. The σ bonds in graphene are arranged in trigonal manner having 
equal angles of 1200 at a plane as shown in the figure. In addition, a π bond is formed 
from two p orbitals that are normal from the plane to form the secondary bonding. 
Through this molecular bonding system, a planar of sp2 aromatic ring cluster is built to 
form the graphene sheet. Owing to this bonding structure, graphene has been proven to 
exhibit a breaking strength of two hundred times stronger than steel (Lee et al., 2008) 
and a linear optical absorption of 2.3% across all low-photon energies of light at low 
intensity (Stauber et al., 2008).  
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In comparison, a single sheet of graphene oxide (GO) contains a mixture of non-
oxidized carbon bonds (sp2 bonds) and oxidized carbon bonds (sp3 bonds) (Shang et al., 
2012) with water molecules are bonded in between the GO layer. The most favourable 
and often use model to describe the GO molecular structure is based on the Lerf–
Klinowski model (He et al., 1998, Lerf et al., 1998) as shown in Figure 3.3. The figure 
clearly shown that the GO has more complex and disordered structure as compared to 
the single crystalline structure of graphene. The atomic force microscope studies 
suggest that a sheet of GO has a thickness of  about 1 nm, which is considerably larger 
than that of ideal graphene due to the presence of oxygen-containing functional groups 
and adsorbed water above and below the carbon basal plane (Paredes et al., 2009, Jung 
et al., 2008, Akhavan, 2010).  The basal planes of GO are contained with epoxide and 
hydroxyl groups, while carboxyl and carbonyl groups are located at the edges. These 
oxygen functional groups make GO highly hydrophilic, but degrade the aromaticity of 
the graphene framework (Zhou et al., 2010).  The disruption of aromatic regions in the 
GO basal plane, makes the GO consists of both sp2 aromatic regions and oxidized 
aliphatic six-membered rings that exhibit sp3 hybridized geometry. At the sp3 site, there 
exist only σ bond while the sp2 site contain both the σ and π bonds. Due to the small 
size of the conjugated sp2 site, the electronic band gap of GO tends to be larger than 
graphene and CNT; and in subsequently, GO behaves more of an insulator (Bykkam et 
al., 2013). The conjugation here is defined as the amount of series of alternating double 
bond and single bond that exists in the sp2 aromatic ring and in the extended 
conjugation form found in the GO structure. Moreover, at the conjugation site, the π 
electrons are delocalized, enabling them to move freely throughout the carbon molecule 
structure that raises electrical conductivity of the material.  
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Figure 3.3: Lerf–Klinowski model for a Graphene Oxide’s molecular bonding structure 
(He et al., 1998, Lerf et al., 1998) 
 
Since electrical conductance is proportionally related to the optical absorption, thus 
one could also say that the GO has weaker optical absorption than graphene and CNT, 
where the relationship can be described as followed, 
T = vwxqk          (3.1) 
Here,	T is the absorption coefficient, E is the electrical conductance, e is the refractive 
index, and c is the speed of light. Moreover, many literatures report that the band gaps 
of GO are varies from 0 to few eV (Yan  et al., 2009, Yan et al., 2010), dependant on 
the ratio of carbon bonds to oxidation functional groups and their different 
arrangements. Fig. 3.4 shows the electronic band structure and density of states (DOS) 
for the GO based on the calculation done by Shang et al. (2012) and Shang et al. (2014). 
GO basically has two band-gap systems; highest occupied molecular orbital (HUMO) 
and lowest unoccupied molecular orbital (LUMO) and these HUMO and LUMO band-
gaps are found to be ~0.6 eV, contributing to the sp2 regions. On the other hand, the 
secondary band-gap structure is separated by H-1 and L+1 energy levels that are formed 
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by the sp2-sp3 boundary sites where the defect or trap energy levels contributed by the 
oxygen functional groups are located above and below the HUMO and LUMO energy 
levels but within the secondary band-gap structure. Furthermore, report made by Pacilé 
et al. (2011) stated that the electronic structure of GO is largely insensitive to the 
number of layers, due to the layers are decoupled and filled with intercalated water 
molecules. The understanding on the molecular bonding and electronic band structure of 
GO is important in predicting the performance of this material for SA application in Q-
switched laser. The preparation of the GOSA material will be discussed in the next 
section. 
 
 
 
 
 
 
 
 
Figure 3.4: The electronic band structure (left panel) and density of states (DOS: right 
panel) of GO as calculated by Shang et al. (2012). 
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3.3  Producing graphene oxide aqueous suspension from graphite flakes via 
chemical oxidation 
The fabrication of GOSA begins by producing graphene oxide colloid from graphite 
flakes using the simplified Hummer's method as described by Huang et al. (2011), 
which provides faster reactant mixing time. Moreover, the fabrication process can be 
performed without the need of any cooling treatment. Firstly, graphite flakes is oxidised 
by mixing the flakes with H2SO4:H3PO4 (320:80 mL) and 18 g KMnO4 as oxidizing 
agent in a beaker with the aid of magnetic mixer device for proper stirring. The 
compound is stirred at room temperature for 3 days to allow the oxidation of graphite. 
Hydrogen peroxide solution is subsequently added to stop the oxidation process, 
forming the desired graphite oxide. The graphite oxide is then washed with 1 mol 
hydrochloric acid and repeatedly with deionized water till a pH level of between 4 and 5 
is obtained.  It is noted that, the graphite oxide will experience exfoliation after the 
washing process, after which the graphite oxide colloid will become thick, producing 
graphene oxide (GO) gel-like colloid. The gel-like colloid is where the GO sheets are 
dispersed, randomly oriented and form a porous three-dimensional network with the 
cavities filled with water (Compton et al., 2012). It is noted that, GO is a non-
stoichiometric compound, because the density of oxygen groups cannot be precisely 
controlled and its properties vary depending on its synthesis, processing, and 
environmental conditions.  
Figure 3.5 shows the obtained GO colloid, which was dispersed in distilled water to 
achieve a concentration of 0.5 mg/mL. This colloid is then used for effective and 
accurate Ultraviolet-visible (UV-vis) spectrum measurement. The measurement is 
performed using Thermo Scientific Evolution 300 spectrophotometer and its main 
components are shown in Figure 3.6. The GO colloid is placed in a curvette to ensure 
minimum light reflection upon contact. Xenon lamp is used as light source where it is 
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monochromated prior contact with the sample for wavelengths selection. This 
measurement technique is used to confirm the presence of GO material in the sample. 
This is can be identified owing to  the GO molecules containing small amount of π-
electrons due to having small size sp2 aromatic clusters that will absorb the energy at 
UV wavelength and excite them to higher anti-bonding molecular orbital as shown in 
Figure 3.7.   
 
 
Figure 3.5: Graphene oxide colloid with concentration of 0.5 mg/mL 
 
 
 
 
 
 
 
Figure 3.6: UV-visible spectroscopy components and setup 
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Figure 3.7: The π→π* and n→π* transitions based on UV-visible absorption 
 
The UV–vis absorption spectrum of the GO at a steady state is shown in Figure 3.8 
and plotted at wavelengths of 200–800 nm. At a UV wavelength of 228 nm, an 
absorption peak is observed, with an intensity of 2.29. The large absorption at that 
particular wavelength region is contributed by the π→π* transition from the C=C bonds 
in the sp2 aromatic cluster. The spectrum under 200 nm can be disregard, due to 
inconstancy from baseline measurement, caused by deionized water. In addition, a small 
peak can be seen at around 300 nm, which is due to the n→π* transition from the 
carbonyl groups in the sp3 disordered region. This result agrees well with that of 
graphene oxide as reported by Shang et al. (2012). Moreover, the size of the extended 
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conjugation can be determined by the peak absorption wavelength from the spectrum 
(Marcano et al., 2010). Owing to the habitation of oxygen functional groups at the GO 
sheet the extended conjugated size is reduced, resulting the increased in band gap and 
the reduced of the peak absorption wavelength, typically at around 227-231 nm 
wavelength for GO material. A peak to shoulder absorbance intensity ratio with a value 
of 3.26 is obtained for this sample which is larger as compared to the ones reported by 
Marcano et al. (2010) with the ratio values of 3.14, 1.95 and 2.28 and from Mei et al. 
(2010) with the value of 2.17. This indicates that this GO sample has higher number of 
aromatic rings; with more rings provide larger absorption at that wavelength. Despite of 
having larger number of aromatic ring, the size of the extended conjugation is more or 
less the same; therefore the peak absorption wavelength does not differ by much.  
 
Figure 3.8: Absorbance spectrum of graphene oxide aqueous suspension across UV-
visible wavelengths at a steady state. 
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It is noted that, by using the simplified Hummer’s method proposed by Huang et al. 
(2011), GO with a larger sheet size is produced with higher degree of oxidation as 
compared to the other methods demonstrated by the researchers mentioned. In contrast, 
the previous observations made by Zhao et al. (2010) and Zhang et al. (2009) are 
different where the sheet size of GO is reduced with a higher degree of oxidation, which 
is caused by over oxidized graphite under elevated temperature and smaller size of 
graphite is used. Nevertheless, by using the simplified Hummer’s method, the oxidation 
level can be increased and thus the sheet size and the number of aromatic rings can be 
increased as well. This is accomplished by controlling KMnO
 4: acid (H 2SO 4:H 3PO4) 
weight ratios, with higher ratio gives higher oxidation level. 
3.4  Preparation of Graphene Oxide Film as Saturable Absorber via Drop-
casting method 
A film form of GO is fabricated in order to produce a solid-state SA for ease of 
integration with the optical fiber. Figure 3.9 shows a process flow in preparing GO film. 
It begins by pouring ten millilitre of the GO aqueous suspension (concentration of 0.5 
mg/mL) onto a 90 mm Petri dish using Graduated Cylinder. The poured GO colloid is 
allowed to dry for 1 day and subsequently, a dried thin film is yield due to the loss of 
water molecules by the evaporation process. Since, the GO flakes tend to fold due to the 
resistance from collapsing into multilayers; some wrinkles are produced on the GO film 
surface after the drying process. In order to prepare the SA device, the film is carefully 
peeled off from the petri dish using a clean tweezer and a small piece from the peeled 
film is carefully cut using a sharp scissor. A small amount of index matching gel (IMG) 
is applied at the center-end-face (CEF) of a FC/PC fiber ferrule (SMF-28) and the piece 
of the film is carefully placed on top of the (IMG) covering the optical path as shown in 
Figure 3.10. A flat and clean object such as tweezer is used to carefully ensure that the 
whole surface of the film is flattened and stick at the CEF of the ferrule. It is noted that,  
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Figure 3.9: Process flow in preparing Graphene Oxide Film 
                              
 
Figure 3.10: GO film on a FC/PC fiber ferule face 
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the IMG is used as an adhesive element to minimize displacement and to optimize the 
coupling of light from the optical fiber path to the film. 
It is worth to mention that the solid film form of the GOSA has a practical benefit as 
compared to our previous work using carbon nanotube (CNT) to generate Q-switched 
laser (Ahmad et al., 2013). In the work, a liquid form of single-walled CNT/PEO 
polymer is dropped on a facet of the fiber ferule to yield a dried solid form of the SA as 
shown in Figure 3.11. The SA however is fixed on the ferule thus impaired its flexibility 
to be used on different laser setups such as required to use different fiber types.  
 
 
 
 
 
 
Figure 3.11: SWCNT/PEO composite deposited on fiber ferule facet. 
 
3.5 Characterization of Graphene Oxide Film using Raman spectroscopy 
technique 
In this section, we will analyse the GO film and the deposited CNT on the fiber 
ferule using Raman spectroscopy technique in terms of their crystalline structures and 
make the necessary comparison. Specifically, the Raman analysis will be focused on 
GOSA film where its retained crystalline size, density of defect, and saturable 
absorption can be estimated. This information is possible to obtain due to the specific 
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phonon modes and with the specific Raman scattering processes that contribute to each 
feature. In addition, the theories related to the Raman scattering also will be covered in 
this section which are crucial in order to analyse the complex Raman spectrum and 
characterise the GO film accurately. 
In Raman Spectroscopy, a suitable laser wavelength, filter and detector technologies 
are used to measure the inelastically scattered lights which are produced at different 
photon frequencies when the laser hits the material under test. The inelastic scattering is 
also known as Raman scattering. A non-destructive technique and a simple sample 
preparation method of Raman spectroscopy allow it to be widely used for material 
identification, even for chemical species that are similar in identity. Raman scattered 
light is produced after a pump laser is radiated onto the material, where the light 
frequency is strongly depends on the vibrational modes in the molecules. 
The effect of Raman scattering can be explained based on the quantum energy 
diagram as shown in Figure 3.12, where particle size is relatively small as compared to 
the wavelength of the incident light.  When a pumped laser light with a photon energy 
(ℎ_ hits a molecule, an electron in a ground state is excited to a higher energy level or 
at the virtual state as shown. It then relaxes and returns to the ground state while 
releasing the same amount of photon energy (hv_) which is known as the Rayleigh 
scattered light or elastic scattered light which has higher probability to occur during the 
light and matter interaction than the inelastic scattered light. 
In contrast, Raman scattering (inelastic scattered light) comprises of stokes and anti-
stokes scatterings that behave differently as compared to Rayleigh scattering. In Stokes 
scattering, the electron begins in the ground state. It is excited to a virtual state by 
absorbing the laser pump energy, after which the excited electron is scattered by 
emitting phonons where the phonon modes emitted depends highly on the molecular 
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structure of the material. Due to the optical-phonon mode dependant, the electron 
relaxes to a ground state which is higher than the electron’s original starting state, by 
releasing photon at lower energy (	ℎ_ − ℎz_ ….	ℎzq	{ℎg|g	z_ ≫	zq) than the 
pump energy. The lower energy light is called the Stokes scattering, where the loss of  
 
 
 
 
 
 
 
 
          
Figure 3.12: Energy diagram showing light scattering effect when light interact with 
molecule 
 
energy is due to the energy transfer to the phonon mode. Most of the electrons are in 
ground state at room temperature, therefore Stokes is commonly observed in Raman 
spectrum than anti-Stokes scattering, where an electron begins at higher state due to 
certain condition before absorbing laser pump energy.  It is noted however, Raman 
scattering is not only triggered by phonons, but any elementary excitation (such as a 
magnon, plasmon etc.) can be involved in a scattering process where the elementary 
excitation satisfies energy–momentum conservation. However, the characterisation of 
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GO will be involved only with the Raman and phonon scattering processes and the 
details of the process will be discussed later in this section. In order to characterise the 
GO film, a measurement setup based on Renishaw Raman Spectrometer is used as 
shown in Figure 3.13. From the figure, the fiber pigtail is perpendicular aligned in 
respect to the microscope lens at the translation stage so that the Raman scattered light  
 
 
 
 
 
 
 
 
 
 
 
               Figure 3.13: Renishaw Raman Spectrometer components and setup   
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spectrum is generated when laser with wavelength of 532 nm (green light) at a power of 
5 mW is radiated onto the GO film.  
The laser radiation and Raman spectrum generation took place for about 10 seconds 
and the result obtained is shown in the Figure 3.14.  The Rayleigh scattered light was 
also produced during the process. A filter is used to filter out the Rayleigh scattering 
component so that the Raman scattered signals can be clearly observed. In the Raman 
spectrum, the intensity of the scattered light (measured in CCD count with arbitrary 
unit, a.u.) is shown as a function of frequency downshift (losing energy) from the pump 
laser energy. More specifically, the horizontal-axis is measured as Raman shifts (cm-1) 
or wave number and it is defined by,  
I#}^`D 	= 	 ~  − 							(3.2)    
where  _ is the pump laser wavelength, and N is the Raman scattered light 
wavelength.  
All graphite-like materials that consist mainly of sp2 carbon atoms such as CNT, 
graphene and graphene oxide will show the so-called D and G peaks, which lie at 
around 1350 cm-1 and 1580–1630 cm-1 respectively (Ferrari & Robertson, 2000) . Fig. 
3.15 shows the Raman spectrum of CNT saturable absorber, which was obtained and 
used in our previous work to generate Q-switched pulse (Ahmad et al., 2013). As shown 
in the figure, it has the G (1598 cm-1), relatively small D (1352 cm-1), D’ or 2D 
(2684cm-1) peaks and very small two peaks at 186 cm-1 and 287 cm-1 which represent 
the Radial Breathing Modes (RBM) corresponding to the nanotube diameter. When we 
compare between GO and CNT Raman spectrum, it is observed that the GO has 
relatively higher D peaks than the CNT which dictates higher signature of defects in the 
crystalline structure of the sp2 carbon lattice. It must be noted in advance, the entire 
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material analysis will be focus on the D and G peaks characteristic such as peak position 
and intensity ratio since those parameters have pronounce influence for GO 
characterisation, while a comparison study between the GO and CNT is not an accurate  
 
 
 
 
 
 
 
Figure 3.14: Raman spectrum of Graphene Oxide Film on a fiber ferrule. 
 
 
 
 
 
                      
 
Figure 3.15: Raman spectrum of carbon nanotube on a fiber ferrule. 
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measurement especially if those parameters have close values. This due to different 
thickness of the material will alter the parameters mentioned and further discussion on 
this matter will be covered as we progress. 
The D bands for both GO and CNT are produced from the Raman scattering by 
certain vibrational mode occurred in the sp2 aromatic rings (Antunes et al., 2006, Ado et 
al., 2011). The vibrational mode mentioned is called the phonon A1g breathing mode 
and it is activated only when defect is present which is caused by the microstructural 
disorder that breaks up the sp2 aromatic rings structure. The D peak of GO obtained is 
located at 1354 cm-1 due to the vibrational mode arising from the alternating of sp2 
aromatic ring stretching, owing to the oxidation functional groups incorporated in the 
crystal lattice. In contrast, the D peak position for CNT is at higher frequency 1362 cm-
1
, which could suggests that there exists more aromatic cluster in CNT. 
It is noted that, the visible Raman spectrum (532 nm) depends fundamentally on the 
sp2 sites and only indirectly on the fraction of sp3 sites. Even though the D peak is a 
measurement of defect, such phonon A1g breathing mode in GO sheet is occurred only 
at the sp2 aromatic rings, where later we will discuss that the growth of the D intensity 
represent ordering instead of defect for high defect density material such as GO. Figure 
3.16 shows the A1g eigenvectors that dictates the alternating ring stretching behaviour in 
the lattice mentioned. The phonon and Raman scattering processes by the visible laser 
excitation for the D peak activation can be described through the inter-valley process as 
followed (Mohiuddin et al., 2009), 
1) Laser-induced excitation of an electron/hole pair.  
2) Electron-phonon scattering with an exchanged momentum q~K (A1g 
breathing mode of phonon scattering). 
3) Second elastic scattering by defect of the crystal lattice.  
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Figure 3.16: A1g phonon eigenvectors (indicated by the red arrows) at the sp2 aromatic 
ring cluster in GO sheet showing the alternating ring stretching behaviour. 
 
 
 
 
 
 
 
 
 
 
Figure 3.17:  Electron band diagram showing the intervally process for the Raman 
scattering and A1g phonon scattering (red line indicates the electron-phonon scattering 
event and the blue dotted line represents the Rayleigh scattering event). 
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4) Electron/hole recombination, while releasing Raman scattering light.  
The above processes can also be mapped accordingly in the electron band diagram as 
shown in Figure 3.17, where q is the phonon wave vector. 
On the other hand, the G band is activated by the first order scattering of E2g phonon 
mode which relate to the motion of pairs of sp2 carbon atoms. It is noted that, the E2g 
phonon mode occurred at all the sp2 sites not only in the sp2 aromatic rings but in the 
sp2 chain as well (Ferrari & Robertson, 2000), creating Raman scattering at around 
1500–1630 cm-1. It is commonly used for measuring the density of crystallinity for low 
defect material such as in CNT, graphene and graphite. However, for high defect 
material such as in GO, the D intensity is used instead for measuring the crystallinity 
where the details on this matter will be discussed shortly.  
 
 
 
 
 
 
 
 
Figure 3.18: E2g phonon eigenvectors (indicated by red arrows) at the sp2 aromatic 
cluster region at the GO sheet showing the in-plane bond-stretching motion of sp2 
carbon atoms pairs. 
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Figure 3.19: Electron band diagram showing the intravalley process for the Raman 
scattering and E2g phonon scattering. 
 
The in-plane E2g phonon mode with its eigenvectors showing the bond-stretching 
motion of sp2 carbon atom pairs (Ferrari & Robertson, 2000, Reich & Thomsen, 2004, 
Kostić et al., 2009) are presented in Figure 3.18 in the GO sheet. The intravalley process 
for Raman and E2g phonon scattering that activate the G peak can be explained based on 
the electron diagram as well as shown in Figure 3.19. 
In contrast, E2g mode of CNT splits into two distinct phonons which are G+ and G-, 
where the G+ peak is usually more intense and its position depends on the tube diameter 
(Dresselhaus et al., 2005). The G peak splitting is due to electron confinement and 
curvature of the graphene plane, where pure curvature splits the graphene E2g mode in a 
component parallel to the tube axis and one perpendicular. However, the G- peak is not 
obvious as shown in the spectrum where its location should be at lower Raman shift 
near the G+ peak position at 1598 cm-1. The peak of the GO on the other hand is at 1582 
cm-1, which is at lower Raman shifts as compared to the CNT. This signature of 
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downshifts is not an accurate measurement of whether GO has more defect structure 
than CNT, because those two different SAs have different thickness, which will alter the 
G position. 
For high defect material such as in GO, the D and G intensity ratio (ID/IG) is 
favourable to be used for more accurate estimation on defect level, where the ratio 
dynamics behave differently at low and high defect density regimes (Ferrari & 
Robertson, 2000). In addition, the thickness of the material as well will affect the ratio 
value, where thicker material will increase both the D and G peaks. However, if the 
thickness is further increased, the intensities can be reduced due to the lack of laser 
penetration depth (Yang et al., 2013). Despite the increment or decrement of the (D and 
G peak) intensities in relative to the thickness of the material, the ID/IG ratio value will 
not be altered by a significant. Therefore, the ratio value can still provide the estimation 
on the degree of defect and the effective sp2 aromatic cluster size in the GO sample. 
For GO, the basal plane is contained with epoxide and hydroxyl groups, while 
carboxyl and carbonyl groups are bonded at the edges as discussed earlier in this 
chapter. Figure 3.20 shows a fraction of a GO sheet with parameter LA1 and LA2 
represent the isolated aromatic cluster correlation length and blue circle represent defect 
due to the oxygen functional groups. The method for estimating the total retained 
crystalline size for GO material has to be modified from a model presented by Ferrari 
and Robertson (2000). Since, the aromatic ring cluster size varies in the GO sample; the 
effective aromatic ring cluster size is defined as followed, 
%`` =(∑ ^q^  
B

																	(3.3) 
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where  is the area fraction of an isolated aromatic cluster in a GO sheet which is 
calculated by dividing the total area of the isolated aromatic cluster in a sheet per the 
total area of GO sheet in the whole sample. On the other hand, ^ is the isolated 
aromatic cluster correlation length. 
 
 
Figure 3.20: Top view of a graphene oxide plane showing the isolated aromatic cluster 
correlation length, LA (blue circle indicates defect). 
 
From the GO Raman spectrum, the ID/IG intensity ratio value obtained is 0.86, which 
is in close proximity reported by Sobon et al. (2012), conforming the presence of 
graphene oxide on the ferrule. As mentioned previously, the ID/IG ratio dynamics 
behave differently at two different defect density regimes. For high defect density 
material with its corresponding defect geometry boundaries (LA < 2 nm) (Ferrari & 
Robertson, 2000); the ratio value decreases as the density of defect increases. This is 
due to the attenuation of D peak intensity owing to the reduction in the number of 
aromatic ring and the aromatic cluster size. On the other hand, the G peak intensity will 
be reduced at much lower degree or simply unchanged. This is because the E2g 
vibrational mode that activates the G peak depends only on the stretching of sp2 carbon 
LA2 
LA1 
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pairs. Thus, in amorphous carbons such as in GO, the increase of D peak indicates 
ordering, which behave in an opposite manner as compared to the spectrum for CNT, 
graphite and graphene. For GO, the relationship between the ID/IG ratio and the effective 
aromatic correlation length can be modified from the ones presented by Ferrari and 
Robertson (2000) as followed, 
 
p	p ∝ %``																(3.4) 
 
Relationship (3.4) dictates that as the disordered density increases (decreasing 
the	%``), the ratio ID/IG will decrease proportionally to the squared of effective 
aromatic cluster correlation length. In addition, the geometry boundary must be obeyed: 
LA < 2 nm in order to satisfy the relationship (3.4). For the material to have low defect 
density (	 ≥10 nm) such as found in the CNT and graphene, the  ID/IG relationship can 
be modelled as followed, is modelled based on point-like defect with the average 
distance between defect, 	 (Cançado et al., 2011). The relationship between the ID/IG 
ratio and the disordered degree for low defect density material is as followed, 
 
p	p 	 ∝ 1	 																		(3.5) 
 
where relationship (3.5) dictates that as disordered density increases (decreasing the	), 
the ID/IG ratio will increase inversely proportional to the sum of squared of average 
distance between defects. 
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From the Raman spectrum analysis, we can conclude that there is much less in the 
number of sp2 aromatic rings in the GO material as compared to CNT and graphene. 
This will result in low capacity for optical absorption due to the lack of delocalised π-
electrons located in the cluster of aromatic rings to absorb photon energies. This 
analysis can be further supported by the complex refractive index value of n~1.63+j0.16 
for a single layer GO reported by Jung et al. (2008). In comparison, a single layer 
graphene has an average complex refractive index of n~3+j1.45 (Wang et al., 2008, 
Kravets et al., 2010). From the imaginary components of the refractive index values, it 
is clear that GO has lower absorption coefficient in comparison. Despite this, GO has 
the lower refraction coefficient which is strongly influenced by the intercalated water in 
the GO layer (Jung et al., 2008). The intercalated water layers produce low material 
density with the nanosheets are dispersed and thus decreases the effective refractive 
index. With a reference to a refractive index of a silica glass fiber of 1.44; GO can 
exhibit the lower scattering loss with the refractive index increases as the number layer 
of the nanosheet increases. However, this information is not sufficient in order to 
determine the actual SA nonsaturable absorption and thus the modulation depth, since 
this parameter encompasses many other variables such as the surface roughness where 
this parameter is generally neglected when the refractive index of a material is 
calculated from ellipsometer measurements (Fenstermaker & McCrackin, 1969).  
3.6  Summary 
The GO in this work has been produced from pure graphite flakes using simplified 
Hummer's method which is simpler and cost-effective method to produce as compared 
to the methods demonstrated by Marcano et al. (2010) and Brodie (1859). Extensive 
material characterisations are performed at the GO liquid and solid-states based on the 
UV-vis and Raman spectra analysis. From UV-vis spectrum, an absorbance intensity of 
2.29 at 228 nm and a small shoulder peak at 300 nm wavelength are obtained. This 
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result is similar to the ones reported by Shang et al. (2012) which confirms the success 
in the production of pure graphene oxide colloid. Moreover, the higher peak to shoulder 
absorbance intensity ratio with a value of 3.26 as compared to the work demonstrated 
by Marcano et al. (2010) with intensity values of 3.14, 1.95 and 2.28 and from Mei et al. 
(2010) with the value of 2.17; suggests that the GO sample in this work has higher 
number of sp2 carbon aromatic rings. 
Then a solid-state GO in a form of a film has been fabricated on a 90 mm petridish 
through drop-casting method and the coupling method of the film-piece to the fiber 
ferule facet has been demonstrated. Moreover, important principles related to the 
Raman spectrum analysis for high defect GO material have been studied that will be 
useful to evaluate on the other type of GOSA in later chapter and perform further 
analysis. The Raman spectrum shows the G and D peaks of the GO film are located at 
1354 cm-1 and 1582 cm-1  where the intensity ratio (ID/IG) of 0.86 is obtained 
conforming the presence of GO with having high degree of defects in its crystalline 
structure as compared to CNT. This is due the presence of the oxygen functional groups 
bonded in the GO sheet. Furthermore, the modified relationships between the intensity 
ratio (ID/IG) and the effective aromatic cluster correlation length which describes the 
disordered degree of the GO sheet and its retained crystal domain have been established. 
From the Raman analysis, it is confirmed that the GO has much less number of 
aromatic rings as compared to graphene and CNT in which degrades the capacity for 
optical absorption. However, the lower refractive index of GO due to the intercalated 
water layers compensate this weakness that will also affect the modulation depth of a 
SA which rely both on the saturable absorption and non saturable absorption loss 
properties. Nevertheless, the number of aromatic rings can be increased by yielding 
larger sheet size of GO. This can probably be accomplished by controlling KMnO
 4:acid 
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(H 2SO4:H3PO4) weight ratios, as demonstrated by Huang et al. (2011); with higher ratio 
gives higher oxidation level and thus promote larger GO sheet size and more aromatic 
rings. However, the degree of improvement is unsure until proper measurement is 
performed. 
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CHAPTER 4: Q-SWITCHED FIBER LASER BASED ON GRAPHENE OXIDE 
FILM USING A 21 CM LONG BISMUTH ERBIUM-DOPED FIBER AS THE 
GAIN MEDIUM 
4.1  Introduction 
In the previous chapter we have successfully fabricated and characterised graphene 
oxide (GO) film, where in this chapter an experimental work for Q-switched laser 
generation using the GO film as saturable absorber (SA) will be demonstrated. 
Recently, Cao et al. (2013) has demonstrated a Q-switched fiber laser system using 
graphene as SA, conventional erbium doped fiber (5 m long), and tunable filter that 
provides Q-switched threshold of 35 mW, maximum repetition rate of 9.7 kHz and 1.2 
mW of average output power. Moreover, at the pump power of 55 mW, he had obtained 
a pulse width of 4.6 µs.  
In this work, a 21 cm long Bismuth-based Erbium-doped fiber (Bi-EDF) is used as a 
gain medium along with the GO film. The very short fiber length of the highly doped 
with Erbium ions will be used to shorten the resonator length in order to promote single 
longitudinal mode operation and to shortern the Q-switched pulse width. Cao et al. 
(2013) work will be used as a reference to validate the experimental data in this chapter. 
Furthermore, the experimental results will be compared and discussed with the theories 
presented in chapter 2 in order to explain the dynamic laser behaviour and to further 
characterise the laser pulses. For practical purposes, the stability of the generated pulsed 
laser will also be evaluated using radio frequency spectrum analyser and the formula 
derived by Von der Linde (1986) in order to determine the pulse energy fluctuation. 
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4.2  Experimental arrangement for the proposed Q-switched Bi-EDF laser  
Towards generating the Q-switched laser using the GOSA film, a GOSA assembly is 
constructed as shown in Figure 4.1 to ensure the GOSA film is protected from 
contamination and to avoid major displacement. The assembly can be easily employed 
in the laser resonator through FC/PC patchcords (SMF-28) connection. Fiber ferule 1 
that is attached with the GO film as previously prepared is sandwiched with a fiber 
ferule 2 through FC/PC adapter where the GO film covers entirely the optical path so 
that Q-switching can occur effectively in a laser resonator.  
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Schematic of the GOSA assembly (not to scale). 
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In order to generate Q-switched laser using the GOSA film, a ring laser configuration 
is setup as shown in Figure 4.2. A ring setup was chosen since it provides unidirectional 
light propagation which allows effective amplification and lower mode competition in 
the resonator as compared to linear configuration (Hamzah et al., 2010). The lesser 
mode competition found in the unidirectional ring configuration is due the absence of 
spatial hole burning effect. In a linear configuration, the effect is the result of  
 
 
 
 
 
 
 
 
 
 
Figure 4.2: A ring Bi-EDFL configuration. WDM: wavelength division multiplexer; 
TBF: tunable bandpass filter; VOA: variable optical attenuator; PD: photodetector; 
OSC: oscilloscope; and OSA: optical spectrum analyser. 
 
superposition of two counter-propagating waves such that they produce a standing wave 
in the gain medium which depletes the gain in all the nodes of the standing wave 
pattern. By utilizing a ring resonator design, standing waves are nonexistence instead 
the laser oscillations will exhibit travelling wave property to promote single-
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longitudinal mode operation. Moreover, the ring laser power and frequency are bound to 
be more stable than the linear resonator. However, fiber ring lasers can still oscillate in 
multi modes due to having long resonator length from several to tens meters. 
In this work, a 21 cm long Bismuth-erbium doped fiber (Bi-EDF) obtained from 
Asahi Glass Co. Ltd, Japan is used as the gain medium to generate amplified 
spontaneous emission (ASE) and to promote shorter resonator length. It has an erbium 
ion concentration of 6300 ppm as well as a core refractive index of about 2.03 and 
cladding refractive index of 2.02 at 1550 nm. The Bi-EDF is co-doped with lanthanum 
to suppress concentration quenching of erbium ions and to increase concentration of 
erbium ions to more than 3000 ppm. The high refractive index of Bismuth-based glass 
produces in relatively shorter p/v  level life time (Sugimoto, 2005). Moreover, the 
Bismuth fiber is fusion spliced with high numerical aperture SiO2 based fiber 
to suppress the reflection effect due to the large refractive index mentioned. The peak 
absorption of the Bi-EDF is about 133 dB/m at a wavelength of 1480 nm where it is 
pumped by a 1480 nm laser diode through a 1480/1550 wavelength division multiplexer 
(WDM). The laser pump at 1480 nm wavelength will promote higher slope efficiency 
than by pumping at 980 nm but however, the gain efficiency will be much lower than 
980 nm. This is due to that fact that the 1480nm pumping will benefit from a better 
quantum conversion efficiencyy and gain coefficient. However, it is noted that the 1480 
nm pumping will have higher lasing threshold than 980 nm pump which is caused by 
the lower absorption rate found at 1480 nm band for the Bi-EDF. 
In comparison to the traditional EDF, that requires a longer fiber length (typically at 
around 2-3 meters) to provide enough gain for laser generation. Moreover, the erbium 
dopant concentrations are limited in conventional silica based fibres due to the 
clustering effect, consequently inducing concentration quenching and degrade the 
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performance of the EDF (Delevaque et al., 1993, Harun et al., 2003, Harun et al., 2005). 
In this manner, the Bi-EDFs will provide a viable alternative to silica fibres as they can 
host a high erbium dopant concentration, allowing for short, highly doped EDFs to be 
realized. In subsequent, this allows for short resonator length to be constructed in order 
to generate stable and clean pulses with the reduced in pulse width as compared to 
having longer resonator length. This is possible with the short length of gain medium 
because it reduces the resonator loss, dispersion and resonator round-trip time. 
Moreover, the Bi-EDFs also have the advantage of a wideband emission spectrum, easy 
refractive index control and high reliability. On top of this, it has a wide absorption 
band makes it easy to be pumped by commercially available powerful laser diodes, to 
realise an ultra-compact fiber lasers and amplifiers (Shahi  et al., 2009, Ahmad et al., 
2009, Salem et al., 2011, Ahmad et al., 2010, Ahmad et al., 2010).    
In the setup, an isolator is used to force the light oscillation in a clockwise direction, 
and it is connected to a tunable bandpass filter (TBF), with the other end of the TBF is 
connected to a 95:5 fused coupler at a common port. The TBF is obtained from 
Newport where its specifications are presented in Table 4.1. A 0.8 nm bandwidth for 
bandpass further forces the laser to operate in single longitudinal mode. The filter 
features a maximum insertion loss of 3 dB (measured at 1535 nm), maximum back 
reflection of -50 dB and a 1535–1565 nm tuning range for laser tunability. The 
bandpass selection wavelength can be shifted at a 0.05 nm resolution across the 
wavelength range by adjusting a micrometer.  
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Table 4.1: Tunable band pass filter specifications. 
Wavelength Tuning Range (nm) 1535 to 1565 
Tuning Resolution, Typical (nm) 0.05 
0.5 dB Bandwidth, Maximum 
(nm) 
3.5 
20 dB Bandwidth, Maximum 
(nm) 
3 
Insertion Loss, Maximum (dB) 3 
Back-Reflection, Maximum (dB) -50 
Polarization Dependent Loss, Typical 0.05 dB, typical @ 1565 nm; 0.3 dB @ 
1535 nm 
Center λ Stability (nm/°C) 0.005 
Thermal Limit (dB/°C) 0.005 
Fiber 9/125 singlemode 
 
The GOSA assembly is employed in between the WDM and 95:5 fused coupler through 
FC/PC connections as shown in Figure 4.2. The 5% output of the fused couplers is 
connected to a variable optical attenuator (VOA), where attenuation can be adjusted 
accordingly in which a photodetector, PD (Hewlett Packard Lightwave Detector DC-6 
GHz) can be safely used to detect the laser light. The fast response PD has a bandwidth 
of 6 GHz and a wavelength spectral response of 1000-1600 nm.  The PD is connected to 
an oscilloscope, OSC (Le Croy 500 MHz) via SMA to BNC adapter for electrical time 
domain measurement to observe and analyse Q-switched pulse pattern. Measurement 
tools such as an optical spectrum analyser, OSA (Yokogawa-AQ6370C) and so on are 
shown in Figure 4.3. The OSA is calibrated and used to measure the ASE and laser 
spectrum accurately while an optical power meter is used to measure average power of 
the Q-switched laser. Moreover, the laser pulse stability is analysed using radio 
frequency spectrum analyser, RFSA (Anritsu - MS2665C) which will be further 
discussed in the next section.  
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Figure 4.3: Q-switched fiber laser measurement tools. Starting from the top left hand 
corner in clockwise direction: Optical spectrum analyser (Yokogawa-AQ6370C), radio 
frequency analyser (Anritsu - MS2665C) and oscilloscope (Le Croy 500 MHz). 
 
4.3  Experimental results and discussion 
Figure 4.4 shows the amplified spontaneous emission (ASE) spectra of the Bi-EDF 
as pumped by a 1480 nm laser diode at different pump powers. From the figure, it can 
be seen that the Bi-EDF relatively produces a broader ASE spectrum as compared to 
that obtained from conventional silica-based EDFs. The ASE spectrum were measured 
at 0.05 nm resolution, where it stretches from about 1490 nm to 1610 nm, forming a 
spectral bandwidth of about 120 nm. At lower pump powers, the ASE spectra resemble 
a bell curve, rising slightly before plateauing and subsequently declining again. This is a 
result of the high erbium ion concentration, which reabsorbs the emissions of the ASE 
at shorter wavelength (1500-1530 nm) and leaving emission in the L-band region 
dominant. As the pump power is increased, the conventional peak at 1530 nm for EDFs 
begins to be seen corresponding to the increase in population inversion. It is noted that, 
due to the highly doped erbium ions in the fiber, the available pump power is limited to 
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fully pump the Bi-EDF for attaining higher gain. However, in the experiment, the 
generation of the Q-switched laser is demonstrated within the limit of the pump power. 
The gain Q-switching pulse train is started to obtain at pump power of 65 mW.  
Figure 4.5 shows the tunability of the Q-switched laser spectrum measured at 0.05 nm 
resolution and pumped at 92 mW when the GOSA assembly is employed in the 
resonator. Laser tunability is obtained by adjusting the TBF to the desired wavelength. 
In can be seen from the wavelengths generated, the lasers have an average power of - 
 
Figure 4.4:  ASE spectra of the Bi-EDF at various 1480 nm pump powers. 
 
16.8 dBm, with a tuning range of approximately 1550 nm to 1564 nm. The Full-Width 
at Half-Maximum (FWHM) is about 0.1 nm with an average signal-to-noise ratio (SNR) 
of about 56.6 dB.  It is expected that higher laser powers can be achieved with higher 
pump powers, and the tuning range can also be extended. However, the range it limited 
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based on the gain profile of the Bi-EDF and the bandpass tuning range provided by the 
TBF. The gain bandwidth of the Bi-EDF can be approximately estimated based on the 
ASE generated from the gain medium. For example, from Figure 4.4, at around pump 
power of 92 mW, the ASE can relatively generate laser at a range of about 1530 to 1565 
nm. However, it is noted that the actual gain profile cannot be inferred from the ASE 
spectrum and this is due to the fact that there exist some relatively high absorption band 
with its peak at around 1530 nm. 
Figure 4.5: Q-switched laser spectra at different wavelengths tuned by a TBF at a fixed 
pump power of 92 mW. The base power is set at 73 dBm for clarity. 
 
Fig. 4.6 and 4.7 show the generated Q-switched pulse trains and pulse profiles 
measured using the oscilloscope (OSC), under pump powers of 92 mW and 118 mW 
respectively at 1556 nm laser wavelength. The repetition rate of the train pulse is a 
measurement of how fast the formation of pulses in the laser resonator, while the pulse 
width or pulse duration is measured based on the full-width at half maximum (FWHM). 
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The figures are plotted at microsecond time scale to observe the pulses clearly, while 
the pulse intensity is normalized to arbitrary unit. From the figures, we can infer that the 
repetition rate increases while the pulse width decreases as the pump power is increased 
with the pulse narrows from 11.7 µs to 7.7 µs, while the repetition rate increases from 
21.8 kHz to 27.2 kHz. At 92 mW of pump power, there are 13 pulses captured within 
600 µs time span. In contrast, at 118 mW of pump power, there are 17 pulses captured 
in the same time span where at both conditions, the amplitude fluctuations are at 
minimal. The measured and calculated pulse intensity standard deviations (∆p for both 
pulse trains are ±0.555% and ±0.539% at the pump powers of 92 mW and 118 mW 
respectively, which indicates that at higher pump power, there is less amplitude 
fluctuation. The ∆p decrement of 0.013% per the increment of 26 mW is obtained, 
which also shows that the amplitude fluctuation does not differ that much at the two 
different pump powers mentioned. It is noted that the same sample size is considered to 
calculate the statistical values respectively where the values demonstrates that laser 
generation is stable at both of the pump powers which is mainly contributed by the ring 
configuration scheme and the TBF. 
Furthermore, the change of the pulse pattern in respect to the increased of pump 
power can be explained based on the equations presented in chapter 2, sections 2.3. The 
rate equation (2.3.1) presented in the respective section describes that higher population 
inversion density of the gain medium is produced at higher pump power. This in turn 
increases the growth rate of photon density, resulting quicker time in the formation of  
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Figure 4.6: Pulse train and a single pulse profile of the Q-switched Bi-EDFL under 
pump power of 92 mW at 1556 nm laser wavelength.  The repetition rate of 21.8 kHz 
and pulse width of 11.7 µs are obtained. 
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Figure 4.7: Pulse train and a single pulse profile of the Q-switched Bi-EDFL under 
pump power of 118 mW at 1556 nm laser wavelength.  The repetition rate of 27.2 kHz, 
and pulse width of 7.7 µs are obtained. 
 
 
 
0
0.2
0.4
0.6
0.8
1
-300 -200 -100 0 100 200 300
N
o
rm
a
li
ze
d
 I
n
te
n
si
ty
 (
a
.u
.)
 
Time (μs) 
0
0.2
0.4
0.6
0.8
1
-20 -10 0 10 20
N
o
rm
a
li
ze
d
 I
n
te
n
si
ty
 (
a
.u
.)
 
Time (μs) 
Pulse width =  
7.7 µs 
63 
 
pulses giving higher repetition rate. Moreover, the narrower pulse width obtained at a 
higher pump power is due to less time for photon density growth and less time for the 
depletion of population inversion, which satisfies the rate equations (2.3.1) and (2.3.2).  
The shape of a single pulse is also an important parameter; with details of the pulse 
profile is useful for applications such as in telecommunications where it is required in 
order to design a proper receiver for effective detection of the Q-switched pulse train. 
Typically, the skewness of a pulse characterises the pulse shape where it depends highly 
on the ratio value between the population inversion density when the pulse build-up 
begins, "$^ and the population inversion density when the pulse peak is reached, "J 
(Qin-Yong et al., 2011). As the ratio ("$^ "J⁄  value increases, the pulse shape 
skewness becomes greater as described by Qin-Yong et al. (2011). The obtained single 
pulse profiles (Figure 4.6 and 4.7) suggest that the ("$^ "J⁄   ratio values are low at 
both pump powers which produce a nearly a Gaussian-like shape with its symmetrical 
property. Moreover, at higher pump power, which produces higher pulse repetition rate, 
the "$^ value with its equation (2.5.3) presented in chapter 2, section 2.5, will be 
increased. As a result, the ratio value ("$^ "J⁄  increases and pulse skewness will 
become greater. This is evident as shown in figure 4.6 and 4.7, which shows that at 
higher pump power (Figure 4.7); the pulse skewness is slightly greater.  
Fig. 4.8 shows the Q-switched pulse dynamics in terms of pulse repetition rate and 
pulse width at a wider range of pump power. The threshold point for q-switching is 
observed at about 65 mW, where it changes from continuous wave (CW) operation into 
Q-switched pulses by carefully adjusting the pump power and observing the pulse 
pattern on the OSC. The high laser threshold obtained is due to the large Er3+ ion cluster 
size found in the highly doped Bi-EDF where this property reduces the p/v  level life 
time. This promotes carrier recombination and thus reduces the quantum efficiency 
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transitions for lasing. The small pump power window for CW operation prior to Q-
switching happens due to the insufficient gain for pulse build-up and having the Q- in  
 
Figure 4.8: Pulse width and repetition rate characteristics of the Q-switched Bi-EDF 
laser at the wavelength of 1566 nm. 
 
switched threshold factor unsatisfied, where the expression has been presented in 
Chapter 2, section 2.4. At this condition, the GOSA saturable absorption loss is less 
dominated in the resonator and as a result the GOSA saturates more slowly than the Bi-
EDF gain medium.   
However, at the Q-switched threshold, the gain is high enough and the GOSA starts 
to saturate faster than the Bi-EDF where the resonator sees a dramatic reduction in the 
intra-resonator loss to form repetitive Q-switched laser pulses with a repetition rate of 
about 11.2 kHz.  Another factor that can contribute to the high Q-switched threshold is 
due to the low absorption coefficient of the GOSA, where the small size of sp2 aromatic 
domain is the reason for this issue as discussed in chapter 3. This statement can be 
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supported by the saturation intensity equation (2.6.3) which has been presented in 
chapter 2, section 2.6; where the absorption cross section can be proportional related to 
the sp2 aromatic cluster size. In addition, the saturation time for GOSA film is also 
affected by the nonsaturable loss caused by the film surface roughness. Although, the 
refractive index of GO material is somehow lower than graphene, as discussed in 
chapter 3, the value is not taken into account the surface roughness which can 
significantly raises the refractive index and contribute to scattering loss. It is noted that, 
the surface roughness is found to be unavoidable by the current fabrication method and 
different approach such as using spin-casting technique can be used to yield smoother 
surface area and thinner GO film. A thinner and less wrinkle GOSA can reduce the 
refractive index and thus can reduce the scattering and laser beam divergence effects.  
The repetition rate is observed to be increased in a hiccup manner at the low pump 
power, and subsequently increased in a fairly linear manner to a value of 27.2 kHz when 
118 mW of pump power is reached. It is believed that further increase in the pump 
power will further increased in the repetition rate (Hakulinen & Okhotnikov, 2007) and 
its increment is limited depending on the GOSA damage threshold. The repetition rate 
characteristic is highly depends on the saturable absorption property of the GOSA as 
described in the photon density rate equation (2.3.1). It dictates that the SA absorption 
ground cross section, excited state cross section, thickness and the amount of the 
population density in the GOSA have a decrement effect on the increase rate of photon 
density. By having larger values of the mentioned parameters, the repetition rate of the 
Q-switched laser will be reduced. On the other hand, the pulse width is observed to be 
decreased linearly and subsequently in an exponential manner as the pump power is 
increased, from a high value of about 22.0 µs at a pump power of 65 mW, and dropping 
to about 7.7 µs at a pump power of 118 mW. At the pump power of about 105 mW, the 
decaying curve shows a significant decreased in slope, indicating a signature of 
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saturation in the pulse width dynamics (Hakulinen & Okhotnikov, 2007). This is due to 
the GOSA has nearly reached its maximum pulse modulation capability; dictates by the 
saturation absorption and nonsaturable loss properties or simply the modulation depth of 
the SA. In order to achieve shorter pulse width, the resonator length has to be reduced 
and the modulation depth of the GOSA needs to be increased. 
However, the lack of delocalized -electron and the rough surface of the GO film; 
the modulation depth can significantly be reduced by the low absorption coefficient and 
the high nonsaturable loss. In addition, although we had used a short length of Bi-EDF 
in this experiment, the total length of the resonator was still not optimized, therefore the 
minimum pulse width obtained (7.7 µs) was still considerably to be long in relative to 
the pump power. Nevertheless, the minimum pulse width was not achieved in the 
experiment due to the limited pump power available, which can be obtained when the 
pulse width curve has reached the saturation level. By taking the advantage of the Bi-
EDF and further optimize the problems mentioned, a better performance of Q-switched 
fiber laser could be obtained.  
The average output power and pulse energy of the Q-switched laser at different pump 
power is shown in Figure 4.9. When the pump power is increased from 65 to 118 mW, 
the average output power increases in almost linear manner, from about 0.03 to 0.11 
mW. The linearity pattern proves that the Q-switched laser behaves in a stable manner 
as found in other CW and Q-switched laser systems. It is noted that, the average output 
power represents the energy of a single pulse times the repetition rate. The linear curve 
has a slope efficiency of approximately 0.2%, where the low optical efficiency obtained 
is mainly due the low quantum efficiency of the highly doped Bi-EDF, the nonsaturable 
loss and also might be due to the excited state absorption (ESA) of the GOSA film.  
 
67 
 
 
Figure 4.9: Average output power and pulse energy of the Q-switched Bi-EDFL as a 
function of incident pump power. 
 
 
 
 
 
 
 
Figure 4.10: Quasi-molecular orbital energy levels and electronic transitions for the 
saturable absorption process in graphene oxide material. 
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The non-linear saturable absorption process of the GOSA film at the C-band 
wavelength can be predicted from the quasi-molecular orbital energy levels modelled by 
Shang et al. (2012) and Shang et al. (2014), as shown in Figure 4.10. During the 
saturable absorption, the electronic transitions most likely to occur are from the HOMO 
to LUMO states (transition 1) by one photon absorption process at the isolated sp2 
aromatic sites. It is noted that, the two-photon absorption is less likely to happen in a Q-
switched operation as compared to mode-locked laser operation which having higher 
peak power. When the GOSA film saturates at high optical intensity, the population 
density at the LUMO will be large, thus there is a probability that the ESA (transition 2) 
could occur. The probability is higher if the GOSA film has larger LUMO energy state 
cross section than the HOMO state cross section in respect to the C-band wavelength. 
As a result from this effect, the pulse energy transmission and the optical efficiency of 
the laser resonator are decremented.  
On the other hand, the pulse energy pattern at different pump powers is calculated 
based on dividing the average output power with the repetition rate as shown in Figure 
4.9. The pattern shows that the pulse energy increases at a slower rate at low pump 
powers, but rises sharply above 92 mW of pump power until the value of 118 mW is 
achieved. At 92 mW, a 3.2 nJ of pulse energy is obtained and increases to almost 4.3 nJ 
at the pump power of 118 mW. The sharp increase of the pulse energy curve after the 
pump power of 92 mW is due to the declining slope of the repetition rate as shown in 
Figure 4.8, with high pulse energies can be built at low repetition rates. Higher laser 
output powers and larger pulse energies can be achieved by having a higher powered 
pump laser, lower nonsaturable loss and by optimising the laser resonator design, such 
as changing the coupling ratio and minimising the resonator loss (Zayhowski & Kelley, 
1991). 
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Fig 4.11 shows the peak power at different pump powers, where it represents the 
optical power of a single pulse. The peak power is calculated by dividing the pulse 
energy over the pulse width which was computed from the previous data. At the Q-
switched threshold, the peak power of 0.13 mW is obtained, where it gradually 
increases to a value of 0.21 mW at the pump power of 85 mW having a linear slope 
efficiency of 0.4%. As the pump power rises above 85 mW, the curve increase sharply 
in a linear manner with slope efficiency of 0.7% until it reaches the maximum value of 
0.56 mW at the 118 mW pump power. The peak power curve shows an almost similar 
pattern as the pulse energy curve,  however the sharp increase is observed at 85 mW 
instead at 92 mW since the peak power rely on both of the repetition rate and pulse 
width dynamics. 
 
           Figure 4.11: Peak power of the Q-switched Bi-EDFL as a function of pump 
power. 
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Pulse stability is another important issue that must be considered before it can be 
used in practical applications. It is noted that, all practical Q-switched laser will exhibit 
some random changes of the pulse properties rather than being a perfect periodic replica 
of each other. This is due to that each pulse builds up independently from ASE and due 
to the ASE and gain fluctuations, the pulse timing, energy and duration will experience 
some fluctuations. At a certain time, when a pulse exhibits the highest pulse energy will 
also have the shortest pulse width, which dictates that the pulse amplitude and width 
fluctuations parameters are somehow mutually correlated. This event is occurred when 
an above-average stored energy in the gain medium before the pulse formation causes  
   
Figure 4.12: RF spectrum of a Q-switched pulse laser, at 1556 nm, as obtained from the 
RFSA at the pump power of 92 mW. The fundamental frequency of the pulse is 21.8 
kHz. Inset shows the RF harmonics of the Q-switched pulse laser. The RFSA was set at 
a span of 25 kHz, with a Resolution Bandwidth and Video Bandwidth of 300 Hz. 
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larger pulse energy, and with the high gain  also allows of shorter time for pulse build-
up. After the event, the following pulse will have lower pulse energy and longer pulse 
duration due to less gain available.  
RFSA technique provides an accurate and easy measurement method to extract 
information on the pulse amplitude and width fluctuations and timing jitter where they 
occurred simultaneously in the laser resonator.  Fig. 4.12 shows a RF spectrum obtained 
by replacing the OSC with the RFSA through SMA to SMA connection with the same 
PD. The RFSA was set at a span of 25 kHz, with resolution and video bandwidth of 300 
Hz. The spectrum analysis is performed at the first harmonic (fundamental pulse 
repetition rate= 21.8 kHz) at the pump power of 92mW and laser wavelength of 1556 
nm. It is noted that, each harmonic consists the sum of a constant amplitude noise 
spectrum, which is due to the pulse energy fluctuations and a component from pulse 
width fluctuations and timing jitter (Moghaddam et al., 2011). 
In order to determine the pulse energy fluctuation, analysis can be done at the first 
harmonic as described by Von der Linde (1986), 
∆ = ~ . ~ ∆ `∆ `

 	       (4.3.1) 
where Qk and Q¡ are the maximum power of the noise band (at the pedestal from the 
peak) and signal at the first harmonic respectively as shown in Figure 4.12 but measured 
in Watt rather than dB. While, ∆t¡ and ∆tN%# is the FWHM of the noise band and 
spectral resolution of the RFSA respectively. It is noted that, all the power values 
represent integrals of the power densities over the spectral frequency resolution ∆tN%# of 
RFSA. Moreover, the ratio of Qk Q¡⁄  from equation (4.3.5) represents a sum of two 
different components: 1) narrow noise band due to fast timing jitter and 2) constant 
noise band with power level of Qk due to amplitude fluctuations.  
72 
 
From the RF spectrum, the value components of |10	Fa	(Qk Q¡⁄ |	is about 31 dB and  
(∆t¡ ∆tN%#		⁄  is about 4.8.  From these values and equation (4.3.1), the calculated 
energy fluctuation obtained is about 0.0617 or 6.17 %, confirming amplitude 
fluctuations stability of the Q-switched laser. As mentioned previously, the pulse 
amplitude has some correlation with the pulse width, thus we can also conclude that the 
pulse width fluctuations is also stable. The inset shows RF harmonics from the 1st up to 
13th at the same laser condition. The harmonics with the fundamental mode at 21.8 kHz 
and subsequent modes occurring at iterations of 21.8 kHz further prove the successful 
formation of a clean pulse train in time domain perspective, where the higher harmonics 
indicates that the pulse has a fast rise and fall time. It is noted that, the timing jitter 
analysis is not performed due its well known for having high timing jitter property 
found in passively Q-switched laser system as compared to actively Q-switched and 
mode-locked laser systems. 
4.4  Summary 
A film form of GO provides the flexibility and ease of integration with fiber laser 
resonator. The Q-switched fiber laser has been successfully generated using a very short 
length of Bi-EDF (21 cm) as a gain medium and GOSA film as the saturable absorber. 
The Q-switched laser also demonstrated its tunability using TBF having an average 
laser power of -16.8 dBm at 92 mW of pump power.  At 65 mW of pump power, the Q-
switched threshold is observed and the average output power is found to be increased 
from 0.03 mW to 0.11 mW as the pump power is raised from 65 to 118 mW. At the 
pump power of 118 mW, the Q-switched laser pulse energy is approximately 4.3 nJ, 
with a pulse width and repetition rate of 7.7 µs and 27.2 kHz respectively. At the 
maximum pump power, a single pulse peak power of 0.56 mW is obtained. RFSA 
shows a stable Q-switched laser at the pump power of 92 mW having a peak-to-noise 
pedestal ratio of about 31 dB at the fundamental frequency (21.8 kHz) with the 
73 
 
calculated energy fluctuation of about 6.17 %. Moreover, all the experimental data has 
been explained and supported by the rate equations, Q-switched threshold expression, 
and saturable absorber principles which have been presented in chapter 2. In addition, 
the Q-switched pulse shapes have also been characterised.  The problems of the Q-
switched laser such as the pulse width, average output power and slope efficiency have 
been addressed and the necessary solutions have been proposed for further optimization. 
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CHAPTER 5: DEVELOPMENT OF GRAPHENE OXIDE SATURABLE 
ABSORBER VIA OPTICAL DEPOSITION FOR 2 µm Q-SWITCHED FIBER 
LASER APPLICATION 
5.1  Introduction 
Small nanoparticle size such as carbon nanotube (CNT) and graphene suspended in 
fluid can be optically deposited effectively onto optical fiber to fabricate saturable 
absorbers (SAs) (Kashiwagi et al., 2009, Martinez et al., 2010). The method has been 
proven to be cost-efficient and effective alternatives for SA-fabrication as compared to 
more complex methods such as spraying, direct synthesis, and polymer composition 
(Set et al., 2004, Yamashita et al., 2004, Sakakibara et al., 2005, Nakazawa et al., 2006).  
Specifically, the optical deposition provides high efficiency of carbon crystal 
utilization that can be concentrated on the optical fiber ferule and without the 
requirement of physical handling to place the material on the ferule facet. These 
advantages can make the optical deposition method as a better alternative as compared 
to the graphene oxide (GO) film fabrication method as demonstrated in chapter 3. The 
film has problems with its surface wrinkles and the required of physical handling during 
the preparation of the film piece that can cause material bending and increase its 
nonsaturable loss.  
On the other hand, for effective and efficient optical deposition several parameters 
have to be considered such as the concentration level of the colloidal suspension, the 
colloidal dispersion and the optical power (Martinez et al., 2010). Material dispersion 
by Dimethylformamide (DMF) solvent, ultrasonification and centrifugation processes to 
obtain single or several layers of CNT and graphene have been demonstrated by 
Kashiwagi et al. (2009), Kashiwagi and Yamashita (2009) and Martinez et al. (2010).  
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In this chapter, by taking the advantage of the hydrophilic property of GO, the 
optical deposition steps can be reduced which simplifies the process; provide a cost-
effective and non-toxic approach (Seabra et al., 2014) for SA fabrication. The optical 
deposition method that works based on the principles of thermophoresis and heat 
convection effects will be presented to evaluate the effectiveness and efficiency of the 
deposition method. Then, the deposited GO will be analysed using Raman spectrometer 
and a comparison study on the degree of defect will be made with the GO film. The 
theoretical principle related to Raman spectrum analysis which has been discussed in 
chapter 3 will be utilized in this chapter to make that comparison study. Finally, the 
GOSA by optical deposition will be incorporated in a thulium doped fiber laser (TDFL) 
via similar method as demonstrated in Chapter 4 to generate Q-switching pulse train 
operating at 2 µm wavelength region. 
Previously, several SAs have already been demonstrated to operate at the 2 µm 
wavelength region, including, crystals such as Cr2+: ZnSe (Tang et al., 2008), 
semiconductor saturable absorber mirror (SESAM) (Koskinen et al., 2009), single-wall 
carbon nanotubes (SWNTs) and graphene (Lu et al., 2013). SESAM are considered as 
expensive and complex-fabrication device for 2 µm q-switching. Moreover, for 
SWCNTs, the nanotube diameter or chirality needs to be tailored accordingly for 
obtaining saturable absorption in the desired wavelength.  
The GOSA on the other hand has a complex electronic band structure as mentioned 
in chapter 3, where its bandgap varies depending on the ratio of carbon bonds to 
oxidation functional groups and their different arrangements (Yan et al., 2009). Thus, an 
experimental work is required to test the fabricated GOSA in generating Q-switched 
laser at the 2 µm region where it is desirable for variety of eye-safe applications such as 
laser range-finders, coherent Doppler wind light detection and ranging (LIDAR) and 
differential absorption LIDAR systems (Tang et al., 2012, Lu et al., 2013, Wang et al., 
76 
 
2012, Jiang et al. 2013). The Q-switched fiber laser at 2 micron using graphene SA 
demonstrated by Lu et al. (2013), produced a minimum pulse width of 1.08 µs and 
maximum repetition rate of 128 kHz. His data will used as a reference to validate the 
experimental data in this chapter.   
5.2  Electric double layer of Graphene Oxide in water 
In this section, a discussion on the GO electric double layer (EDL) will be presented 
to demonstrate how this can affect the dispersion of graphite oxide powder in water and 
the optical deposition efficiency for fabrication of SA. Figure 5.1 shows a GO sheet 
model to demonstrate the arrangement of the oxygen functional groups attached to the 
sheet which will lead to the discussion. Generally, the oxygen functional groups are 
mainly populated at the top and bottom of the GO basal plane by the epoxyl and 
hydroxyl groups; while on the other hand; smaller amounts of carboxyl and carbonyl 
groups are populated at the edges. 
 
 
 
 
 
 
Figure 5.1: Simplified model of a graphene oxide basal plane with oxygen functional 
groups. 
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The functional groups of GO are uniformly but randomly bonded with the sp3 carbon 
atoms in the basal plane through σ bond which disrupt the crystalline structure (He et 
al., 1998). When graphite oxide is dispersed in water to form many GO sheets, the water 
molecules undergoes ionic dissociation with the functional groups and create hydrogen 
bonds between the molecules. In addition, the water molecules also undergo ionic 
adsorption with the sp2 aromatic domain; in which both processes mentioned produce 
surface charged on the GO basal plane and at its edges. While the sp2 aromatic domain, 
carbonyl and epoxy groups have weak positive charges; the carboxyl and hydroxyl 
groups are negatively charged which makes GO to have an effective negative surface 
charge (Szabó et al., 2006).   
Figure 5.2 shows the formation of EDL close to GO surface when the GO is 
dispersed in water medium; where its surface charged attracts counter ions against 
thermal diffusion. The surface charge is offset by an equal and opposite net charge of 
ions in the water.  
 
 
 
 
 
  
 
Figure 5.2: Electric double layer of GO in water. 
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These counter ions are consists of dissociated and adsorbed ions from the water and 
the GO surface and the adsorbed ions from the neighbour water molecules.  The EDL 
with its effective thickness quantified as Debye length, λ	 is consists of Stern and 
diffuse regions (Hansen & Lowen, 2000). It is noted that, the Debye length is inverse 
proportional related to the colloid ionic strength and with the increased of the strength 
leads to the decrease in the thickness of the EDL (Jiang et al., 2009). In the Stern region, 
the counter ions are fixed and tightly bounded to the GO surface within the Stern layer; 
while, the diffuse region is where the counter ions are distributed in rapid thermal 
motion (Schießl et al., 2012). A boundary that separates between the dispersion of the 
counter ions and the fixed layer of counter ions that are strongly attached to the GO 
surface is called the shear plane. 
In most cases, graphite oxide can easily dissolve in water and obtain a stable GO 
colloidal dispersion. This is due the electrostatic repulsion (ER) that occurred from the 
interaction between the EDLs (Bai et al., 2010). The interaction involves their diffuse 
double layers to be overlapped and the ions rearranged which gives rise to the ER. This 
ER and the oppose force of the van der Waals are co-exists between all the GO particles 
in the water. When the ER is dominant, the colloidal particles remain dispersed and 
mobile in the water; where the magnitude of the ER force is influenced by both the ionic 
strength of the colloid and the surface potential which is mainly contributed by the 
negative charged of carboxyl and hydroxyl groups. On the other hand, at large particle 
separations, there is no EDL interaction due to the surface charge on the GO particles is 
screened by the neutralising counter ions that envelops them.   
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5.3  Fabrication of Graphene Oxide Saturable Absorber via Optical Deposition  
In this work, in order to form the GO-based SA, the graphite oxide nanopowder is 
mixed with 20 ml of distilled water inside a 50 ml beaker producing a particle to water 
volume ratio of 1:5.24x1010. The low concentration of GO particles is used to obtain 
low colloid ionic strength, which can provide thicker EDL, stronger ER and thus 
reduces particle agglomeration in the aqueous suspension. This increases the efficiency 
of the optical deposition due to lesser inter-particle interaction. Fig. 5.3 shows the 
graphite oxide nanopowder, which was obtained from Research Ltd. It has been  
 
 
   
 
 
Figure 5.3: An image of graphite oxide nanopowder. 
Table 5.1: Graphite oxide nanopowder specifications. 
Particle diameter 90nm, +/- 15nm 
Graphene oxide 
thickness about 1 nm 
Single Layer Ratio >99% 
Purity >99% 
 
prepared to have small lateral flake size with an average particle size of ~90nm and the 
specifications of the powder is shown in table 5.1. The dried unexfoliated graphite oxide 
powder form can be typically yield by lyophilising graphene oxide colloidal suspension 
80 
 
to remove the large content of water molecules.  However, little information is known 
of how specifically the graphite oxide colloid is produced.   
A FC/PC single mode fiber (SMF-28) patch cord obtained from Huber Suhner is 
used as a GO layer depositor. The optical deposition process is commenced by  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Optical deposition process for depositing GO layers on a fiber ferrule face. 
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immersing one end of a FC/PC fiber patch cord inside the prepared GO colloid solution 
as shown in Fig. 5.4. An amplified spontaneous emission (ASE) source operating at the 
C-band wavelength with an average output power of 15 dBm is emitted to commence 
the optical deposition. The transmission ASE power at the fiber ferule to water interface 
can be calculated using following equation, 
n = 4eDe^(eD + e^ 							(5.1							 
 
 
 
 
 
  
 
 
 
 
Figure 5.5: Optical deposition mechanism which includes the heat convection and 
thermophoresis effects. 
 
where ni is the refractive index of the silica glass, nt is the refractive index of the water. 
The refractive index for silica glass is 1.44, while the refractive index of water is 1.33, 
giving the ASE light transmission of about 99.8%. The smaller refractive index of water 
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as compared to refractive index of the DMF (n=1.43), enable the optical radiation to 
penetrate in the water with lesser power loss at the fiber terminal and water interface. 
The ASE power was radiated for about half an hour where optical intensity and 
temperature gradients are produced in the colloidal suspension caused by the light 
absorption from the GO and water particles. As a result of the intensity and thermal 
gradients, the GO layers are drifted close to the fiber ferule facet by mechanical and 
thermal force fields and adhere on the facet via van der Waals attraction force. Figure 
5.5 shows the optical deposition process with the the related force fields generated by 
the thermophoresis and heat convection effects (Nicholson et al., 2007).  It is noted that, 
for optical trapping, the optical gradient force is considered small and cannot overcome 
the scattering force due to divergence of light radiation from the SMF; thus, the process 
will not be discussed in this research work. 
On the other hand, the temperature gradient that occurred in the water medium 
induces thermophoresis effect to occur (Piazza, 2008, Tao et al., 2005). In general, 
nanoparticle drift velocity caused by the thermophoretic force, can be described as in 
equation (5.2) (Würger, 2009). 
D = −∇n								(5.2) 
 = 	 ¥											(5.3) 
where  is the thermophoretic mobility and ∇n represent the temperature gradient. 
Equation (5.6) expressed the thermophoretic mobility as a function of Sorret coefficient, 
¥ and diffusion coefficient, D; and it is specifically depends on the condition of the 
colloidal suspension. Basically, the thermophoretic mobility is caused by the forces 
from the particle on the surrounding fluid with the dissipative stress due to the 
temperature gradient. For neutral charged colloid such as found in graphene or CNT in 
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DMF solution; the thermophoretic mobility is mainly contribute by the van der Waals 
force that occurred at the interface between the particle and the fluid (Würger, 2009, Fu 
& Gao, 2012). In contrast, for a charged GO colloid, the thermophoretic mobility is 
contributed by the EDL and the van der Waals force. Furthermore, GO has low 
conductivity which leads to having low permittivity parameters. As a result, the GO 
material is difficult to be polarised as compared to graphene and CNT (Zhang et al., 
2011) with having higher dielectric permittivity values. The counter ions in the GO 
EDL which do not have the suﬃcient time to follow the alternations in the direction of 
the light electric field also ceases to polarise. Therefore, the electric field from the 
optical radiation has no direct effect in changing the EDL thickness and the surface 
potential of GO. By considering the conditions above and assuming the colloid system 
is weakly charged, with Debye length < particle size; equations (5.4-5.7) presented by 
Würger (2008) can be used specifically to approximate and describe the thermophoretic 
mobility of GO particle in the water, 
 
 = § ¨©wª«© 	¬­®																																																																		(5.4)   
§ = 3§#Z2§# + §J[ 																																																																			(5.5) 
¬­® = ­¯ + 8(T + M − 3) ln cosh ² ­¯4³ − 3 ­¯ ´T													(5.6) 
­¯ = 2)|bdeℎ(2E_Fµ	)																																																		(5.7) 
 
§: thermal conductivity ratio of solvent and particle 
§#: thermal conductivity of solvent 
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§J: thermal conductivity of particle 
·µ	: Boltzman constant 
¸: viscosity of solvent 
Fµ: Bjerrum length 
­¯: reduced zeta potential 
M: variations of dielectric constant with temperature 
T: Soret coefficient 
´T: Seebeck coefficient 
E_: particle charge density 
	: Debye length 
It is noted that, the  sign (positive or negative) determines whether the particle move 
from hot to cold region or otherwise. The sign is determined by the thermal response of 
the colloidal suspension, which is quantified by the Soret coefficient, T or the product 
of Seebeck coefficient with reduced surface potential, ´T ζ (Würger, 2008). When the 
coefficient  is positive, a temperature gradient drives the suspended particles towards 
colder region namely the fiber ferule facet due to having higher thermal conductivity 
than water. The fiber ferule is made up of zirconia ceramic and silica glass materials 
with their thermal conductivities are 2.5-3 W/mK and 1.3-1.5 W/mK  respectively; 
while the water thermal conductivity is about 598.4x10-3 W/mK which explains the 
direction of the particle motion. An inverse effect (< 0) occurs for a sufficiently 
negative Soret coefficient α or if the product ´T ζ   takes a positive value.  It is noted 
that, the thermophoretic mobility of charged colloid in aqueous solution is positive and 
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has smaller magnitude by a high degree as compared to uncharged systems in the non-
polar organic solvent (Würger, 2009).  In addition, the van der Waals force is small and 
rather insignificant which would provide greater impact on the thermophoretic mobility 
as demonstrated for the uncharged system. It is noted that, the sign of  for the GO 
colloid is difficult to determine from the Soret coefficient, since the related data is 
unknown in literature. Therefore, an experimental work is required to obtain the 
necessary data to compute accurately the coefficient and ultimately to obtain the  
value.  
The second mechanism for the optical deposition is based on the heat convection 
flow caused by the local heating of the colloid by the light radiation. According to 
Buongiorno (2006), nanoparticles can homogenously be in motion with the fluid due to 
the fluid density changes caused by external heating. The less dense water molecules (at 
hotter region) will move vertically at higher region of the water level due to Buoyancy 
force, while the denser (at colder region) water molecules will move vertically to lower 
region of the water level (Mills, 1999, Bird et al., 2007, Gebhart et al., 1988). As the 
fluid rises, it will start to lose its heat due to the heat transfer effect occurred at the top 
water level. In consequence, a cyclic fluid flow pattern is produced as shown in Figure 
5.5. The fluid motion can be approximated and described in terms of fluid velocity as 
followed, 
 ≈ ¹º∆»» ¼													(5.8) 
∆» = −∆n º´»´n¼ 									(5.9) 
where ∆¾ is the density difference between low dense fluid and high dense fluid, » is 
fluid density, g is the magnitude of acceleration, and L is the vertical distance. Equation 
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(5.9) dictates that the fluid density difference is proportionally related to temperature 
rate of decrement of fluid density times the temperature difference between at the low 
and high fluid density regions. In order to enhance the fluid motion, the nanofluid needs 
to be heated up effectively so that its density can be reduced for vertical fluid motion to 
take place. This can be accomplished, by having sufficient optical power and with the 
use of small GO particle volume fraction. The low particle concentration can 
significantly reduce the nanofluid viscosity and thus enhances the nanofluid motion 
owing to the reduced of interparticle effect and particle/fluid interaction (Gerber, 1984). 
Moreover, the low particle concentration also allows for the nanofluid to gain higher 
temperature due to the lower heat transfer rate of the nanoparticles.  
 
 
 
 
 
 
Figure 5.6: The optical fiber scope image of the GO-SA on a fiber ferrule face before 
(left) and after (right) optical deposition process. The dark areas are the GO layers, 
while the bright areas are the parts of the fiber ferrule not covered by the GO particles 
(Field of view = 400 µm x 300 µm, Resolution <1 µm). 
 
After the optical deposition is complete, the fiber ferrule is removed from the beaker 
and then left to dry for another half an hour before making an inspection using optical 
fiber scope. The scope provides a magnification of x400 and has a field of view of 400 
µm x 300 µm with a resolution of <1 µm. It is capable to determine whether the GO 
44 µm 44 µm 
a) b) 
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layers have been deposited successfully on the core at the fiber ferule face. Figure 5.6 a) 
shows the image of the fiber ferule face without GO layers at the cladding and the core 
regions. The white outer background is the fiber ferule component made of zirconia 
ceramic, the circular dark area is the cladding region (125 µm), while a non-dark spot at 
the center is the core region (9 µm) of the fiber. In contrast, figure 5.6 b) shows a 
similar scope of view but with the ferule face covered with GO layers that are 
intercalated with the remaining water molecules via hydrogen bonds. It is important that 
the GO layers must cover the core region (optical path) for Q-switching to occur 
effectively when the SA is employed in the cavity.  
In this research work, the optimization for the optical deposition is not covered 
which includes the layer-thickness control by reducing the period of optical deposition 
and using the reflectrometry technique that has been demonstrated by Kashiwagi et al. 
(2009).  However, we have successfully deposited GO particles on the fiber ferule 
without the need of toxic chemical solvent, ultrasonification and centrifugation as 
required by graphene and CNT using the DMF solvent. This is due to the hydrophilic 
property of GO as discussed, which allows bulk layers to disperse in water effectively. 
Nevertheless, an experimental work is still needed to determine the  sign which can 
degrade or contribute the optical deposition efficiency. Therefore, deeper analysis is 
required in order to optimize the optical deposition process for the negatively charged 
GO colloid. Nevertheless, the proposed optical deposition method provides simpler, 
cost-effective, and non-toxic approach for SA-fabrication which is attractive and 
valuable in the photonics, biotechnology and material engineering fields. 
5.4  Characterization of GOSA and comparison study 
The deposited GO layers are analysed by Raman spectroscopy technique using the 
Renishaw Raman Spectrometer to confirm the presence of GO material deposited on the 
ferule facet. The obtained spectrum is shown in Fig. 5.7. with two main peaks (D and G 
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peaks) with Raman shifts of 1358 cm-1and 1587 cm-1 are obtained respectively. In 
addition, the ID/IG value is measured to be 0.92, confirming the presence of GO on the 
fiber ferule (Sobon et al., 2012, Stankovich et al., 2007). As we discuss in chapter 3, 
section 3.5, the ID/IG ratio is fairly an accurate measurement of disordered in the GO 
sheet regardless of the material thickness.  
 
       Figure 5.7: Raman spectrum of the optically deposited Graphene Oxide on the 
fiber ferrule facet. 
 
This allow us to make a comparison estimation on the degree of defect between the 
GOSA by optically deposited and GOSA film produced in chapter 3, which is important 
in order to predict the saturable absorption in the material. However, we didn’t stress on 
other methods such as the analysis on the G and D peaks positions due to their 
shortcoming in terms of accuracy. As the followings we will summarise and extend the 
characteristic for G and D peaks parameters and their dynamics to highlight their 
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weaknesses and in doing so, we are able to analyse the relative characteristic of the GO 
structure for high defect carbon material.  
1) As defect is presence in the carbon lattice, this will increase the bond-angle 
disorder in the sp2 carbon atoms or in the same manner increasing the sp3 
content. In addition, the increased in the disruption of the double bonds which 
in turn will weaken the bond and soften the E2g vibrational mode, giving the 
G peak position shift to lower frequency. 
2) As the material thickness layer increases, the G position also shift to lower 
frequency until which there is little change in the G position for thicker layers 
(Gupta et al., 2006). 
3) On the other hand, as defect level increases, the G peak intensity will be 
reduced insignificantly or simply remained unchanged compared to the D 
peak. This is due to that the intensity depends only on the amount of 
stretching of sp2 carbon pairs but not the aromatic cluster stretching as found 
for the D peak. 
 
Therefore it is difficult to judge the amount of change in the G peak parameter in 
relative to the degree of defect. On the other hand, the D peak characteristic is as 
followed: 
1) Decrease in number of ordered aromatic rings will shift the D peak to lower 
frequency and reduces its intensity. 
2) Smaller aromatic cluster size produce higher modes, which will shift the D 
peak frequency upwards. 
3) As the thickness layer increases, the D peak intensity will be increased and 
eventually decreased for thicker layers (Yang et al., 2013) due to the lack of 
laser penetration depth. The increased of D intensity is owing to the increased 
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in the number of aromatic rings and which also has an effect on the D peak 
position; where the D peak frequency depends on the number of the rings and 
the size of the aromatic cluster. 
 
For this case, as the defect level increases, the first two factors above become more 
apparent. However, the degree of frequency shift for each case is unknown. In addition 
with the thickness variable, the D peak is far more complicated to predict due to its non-
linear response to the parameters mentioned. For that matter, the intensity ratio value 
(ID/IG) value is the best option to make the comparison estimation on the degree of 
defect between the GOSA by optically deposited and GOSA film. It is noted that, the 
spectral measurement are performed under the same laser excitation wavelength (532 
nm) and laser power of 5 mW in order to accurately perform the analysis mentioned. 
From the spectra, the intensity ratio (ID/IG) value of GOSA by optical deposition is 
0.92>0.86 (GOSA film) suggests that the GOSA film has smaller effective aromatic 
cluster size. The relationship between the ID/IG ratio value and the effective aromatic 
domain size has been expressed in equation (3.4), presented in chapter 3. From this 
analysis, we can conclude that the GOSA by optical deposition has higher capacity for 
saturable absorption due to having larger aromatic domain size.  
5.5  Q-switched pulse train generation operating in 2 µm region using the 
developed GOSA 
5.5.1 Experimental arrangement 
After the Raman spectrum measurement, the fiber patchcord with the deposited GO 
layers is connected to another fiber patch cord using an FC/PC adaptor to complete the 
assembly of the SA. This method is similar as described in section 4.2 of chapter 4. The 
SA is then incorporated into a thulium doped fiber laser (TDFL) cavity for Q-switching 
91 
 
application. Fig. 5.8 shows the experimental setup of the proposed Q-switched TDFL, 
which consists of a 2 m long single-mode Tm3+-doped silica fiber (TDF) from Nufern,  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: Setup of the proposed Q-switched TDFL with GO-based SA. 
 
Table 5.2: Thulium-doped single mode fiber specifications. 
Operating Wavelength 1900 – 2100 nm 
Core NA 0.15 
Mode Field 
Diameter (predicted) 
10.5 µm @ 2000 nm 
(nominal)  
Cutoff 1750 ± 100 nm 
Core Absorption  9.00 ± 2.00 dB/m at 1180 nm                    27.00 dB/m at 793 nm  
 
Thulium-doped fiber (2m) 
95:5 Coupler 
Output laser (5%) 
95% 
WDM 
Graphene Oxide SA 
LD 793 nm 
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USA. The TDF has core absorption of 27.0 dB/m at 793 nm, a cutoff wavelength of 
1750 nm, core diameter of 9 µm and cladding diameter of 125 µm. The specification of 
the fiber is summarized in table 5.2.The TDF is core-pumped by a single mode Lumics 
793M200 laser diode (LD) operating at 793 nm with a maximum output power of 164 
mW. The LD pumps the TDF through an 800/2000 nm fused wavelength division 
multiplexer (WDM), with the LD connected to the 800 nm port. The common port of 
the WDM is connected to one end of the TDF, while the other end of the TDF is 
connected to an AC Photonics Inc. 95:5 tap coupler. It must be noted that the tap 
coupler is designed for use in the 1550 nm region, and this may result in slight losses to 
the system, although not to the extent that the performance of the system will be 
severely affected. The 95% port of the tap coupler is connected to the GO-based SA 
assembly, with the other end of the assembly is connected to the 2000 nm port of the 
WDM. The 5% port of the tap coupler is used to extract a small portion of the 
oscillating signal for measurement.  
Laser and amplified spontaneous emission (ASE) at the 2 µm region is measured 
using Yokogawa AQ6375 optical spectrum analyser (OSA) that can detect light 
wavelength up to 2400 µm for spectrum analysis. Moreover, EOT Inc. ET-5010F 
Indium-Gallium-Arsenide (InGaAs) photodetector (PD) with a bandwidth of >12.5 GHz 
that can detect wavelength range from 1475 nm to 2100 nm is used to convert the light 
energy into electrical signal. The PD is mounted on the LeCroy oscilloscope (OSC) 
with a bandwidth of 500 MHz to measure and display the pulse pattern. Furthermore, 
Melles Griot 13PEM001 broadband power meter (PM) is used to measure the optical 
power of the laser light at 2 µm region. In addition, an Anritsu MS2683A radio 
frequency spectrum analyser (RFSA) is used to measure laser pulse stability. 
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5.5.2 Performance of the Q-switched laser 
The TDF provides a broad emission spectrum at 1900 nm region via the ¿v − ÀÁ 
transition. Fig. 5.9 shows the ASE spectrum of the TDF, which was obtained when the 
fiber is pumped by 128.8 mW of 793 nm pump. It can be seen that the spectrum is 
stretched from 1760.0 nm to approximately 2118.0 nm, giving a spectral bandwidth of 
about 358 nm with a peak power of 52 dBm at approximately 1890 nm. The ASE 
oscillates in a ring cavity to generate laser which the output is tapped out from 5% port 
coupler and measured using the OSA with a span setting of 515 nm and a resolution of 
0.2 nm. Fig. 5.10 shows the laser spectrum with and without the GOSA assembly 
incorporated in the laser resonator at the pump power of 128.8 mW. It is noted that the 
OSA was set at a resolution 0.2 nm and a span of 150 nm to make that measurement. 
 
Figure 5.9: Thulium-doped fiber ASE spectrum pumped at 128.8 mW. 
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For the case without the GOSA assembly, a single continuous wave (CW) laser at a 
wavelength of 1945.0 nm is observed, with a peak power of about 2.6 dBm. The lasing 
wavelength is well defined, with a signal-to-noise ratio (SNR) of approximately 54 dB 
and a full width at half maximum (FWHM) bandwidth of 0.2 nm. Inserting the GOSA 
however changes the output of the TDFL, widening the bandwidth to approximately 1.0 
nm due to the laser now operating in the Q-switching regime. It can be observed that the 
center wavelength of the Q-switched laser blue-shifts to 1941.7 nm relative to the CW 
laser wavelength. The shift is induced as a result of the loss incurred when the GOSA is 
integrated into the laser cavity, thereby forcing the system to compensate for these by  
 
Figure 5.10: Thulium-doped fiber laser spectra with and without the GO based SA and 
a curve fit that envelopes the Q-switched laser spectrum for FWHM measurement. The 
inset shows the ASE spectrum of the TDF. 
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moving towards the region of higher net gain (Harun et al., 2012). The loss incurred 
also lowers the peak power of the system, with the lasing wavelength now having a 
lower peak power of only -12.0 dBm. 
The GOSA also interferes with the buildup of the main lasing mode, where 
insufficient time for prelase signal to make strong mode selection and as a result give 
rise to multi-longitudinal mode oscillations (Cao et al., 2012, Dong & Ueda, 2005, 
Abraham et al., 1985). This is evident as shown in the figure with the irregular power 
spikes in the spectrum are formed. It is noted that, the Q-switched pulse builds up from 
the ASE noise as mentioned in chapter 2, with each pulse comprising a mixture of 
longitudinal modes that differs randomly from pulse to pulse. In consequence, the 
multimode oscillations are not fixed at their oscillation wavelengths, which make it 
rather unstable and unrealizable for multi-wavelength laser application. In comparison 
to the Q-switched laser spectrum in chapter 4 (figure 4.5), the multimode oscillations 
are not apparent due to the loss introduced by the tunable band pass filter (TBF), where 
other longitudinal modes are suppressed to allow for strong mode selection for single 
mode lasing. In addition, the laser setup utilize unidirectional light propagation scheme 
and has a relatively shorter resonator length, thus suppressing the spatial hole burning 
effect and multimode oscillations.  
In order to analyse the Q-switched pulses generated by the TDFL, the OSA is 
removed from the setup, and replaced with the PD connected to OSC. Fig. 5.11 and 
5.12 show the normalized single pulse and pulse train obtained from the TDFL under 
pump powers of 148 and 164 mW, respectively. The traces show that the pulse is better 
defined at the higher pump power, with the walls of the trace having better continuity 
and fewer jagged peaks. The pulse intensity standard deviation (∆p of ±1.46% and 
±1.25% are obtained at the pump powers of 148 mW and 164 mW respectively. The  
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Figure 5.11: Single pulse and a pulse train of a Q-switched laser at a pump power of 
148mW. 
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Figure 5.12: Single pulse and a pulse train of a Q-switched laser at a pump power of 
164 mW. 
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same sample size is considered to calculate the statistical value with a ∆I decrement of 
0.21% per the increment of 16 mW of pump power is obtained. These results show 
similar pattern as in the pulse trains found in chapter 4 (figure 4.6 and figure 4.7), and 
this is due to the laser has attained greater stability at higher gain. 
The CW and Q-switched laser threshold of the proposed laser are about 100 mW and 
125 mW, respectively. The higher laser threshold obtained as compared to the Bi-EDF 
fiber laser in chapter 4 is due to the low quantum efficiency of the Thulium fiber 3F4 
level. Fig. 5.13 shows the repetition rates and pulse widths of the output pulses as a 
function of pump power. The repetition rates of the pulse trains increases as the pump 
power is raised, from a repetition rate of 12.2 kHz at a pump power of 148 mW to a 
repetition rate of 16.0 kHz at a pump power of 164 mW. Moreover, the single pulse 
profile at a higher pump powers is better defined, as compared to the profile obtained at  
 
 
 
 
 
 
 
Figure 5.13: Repetition rate and pulse width curves as function of pump power. 
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lower pump powers with having some random high frequency noises riding on the pulse 
due to mode beating. The more apparent of jagged peaks of the pulses as compared to 
the ones in the chapter 4, are due to the dual light propagation directions in the resonator 
which caused instability in the laser generation owing to the mode competition effect. 
Compared to Bi-EDF fiber laser, the response of the repetition rate is more linear 
with an initial slope of 0.3 kHz/mW until a 144 mW of pump power is reached; 
subsequently, the slope reduces slightly to 0.2 kHz/mW until the maximum pump 
power of 164 mW is reached. The more predictable linear curve indicates that the 
GOSA saturable absorption and  nonsaturable loss remain unchanged in respect to the 
change of pump power as compared to the curve found in chapter 4 (Figure 4.8). The 
repetition rate will continue to increase linearly per the increase of the pump power until 
the GOSA has reached damage threshold. At this point, the GOSA saturable absorption 
property will change and alter the curve pattern and eventually damage the SA 
completely if the pump power is further increased. The Q-switched pulse width 
however, decreases as the pump power increases, from an initially steep slope of 0.86 
s/mW, before becoming shallower at 0.24 s/mW above a pump power of 132.5 mW. 
When a pump power is increased  above 148.4 mW, only a minor change in the pulse 
width is observed, with the slope at this region computed to be around 0.045 s/mW. The 
slower change in the pulse width at higher pump powers suggests that the GOSA is 
reaching saturation, and at the maximum pump power of 163 mW, a saturation pulse 
width of 9.8 µs is obtained.  
Fig. 5.14 shows the average output powers and pulse energies characteristics at 
different pump power. The average output power is measured by a PM which is placed 
at the 5% output port of the TDFL’s cavity. As mentioned previously, the setup exhibit 
dual-light propagation scheme, this allows higher output power than the single light 
propagation scheme. It can be seen from Fig. 5.15 that the output pulses are typical in 
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behaviour to that of Q-switched pulses, with the average output power reaching a value 
of 0.3mW at a 164 mW maximum of pump power. Similar to the repetition rate, the  
 
Figure 5.14: Average output power and pulse energy curves as function of pump 
power. 
 
 
Figure 5.15: Peak power as function of pump power. 
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increment of the average output power is almost in linear manner with a slope efficiency 
of 0.63%, and only minor variations from the fitted line.  Furthermore, the pulse energy 
also rises linearly with slight variations in the data points as compared to the average 
output power curve. There is an increase in pulse energy from 11.4 nJ at a pump power 
of around 125 mW, to 18.8 nJ at the maximum pump power of 164 mW, having an 
average slope of about 0.21 nJ/mW. On the other hand, Fig 5.15 shows the peak power 
of a single pulse at different pump powers having a consistent slope efficiency of 3.5%. 
At the Q-switched threshold, the peak power of 0.55 mW is obtained and the average 
output power increases linearly up to 1.91 mW at 125 mW of pump power. 
The stability of the Q-switched pulse train is analysed by connecting RFSA together 
with the PD at the 5% output port of the TDFL. The obtained RFSA spectrum, at a 
resolution of 300 Hz along a 22 kHz span is shown in Fig. 5.16. It shows that the 
fundamental harmonic of the Q-switched laser pumped at 148 mW, occurring at a 
repetition rate of 12.2 kHz. The fundamental harmonic has a signal power of 
approximately 43.0 dBm, giving it a signal-to-noise ratio of about 28.0 dB. The peak-to-
noise ratio is higher than the threshold value of 20.0 dB, thus indicating that the output 
pulses are stable (Tan et al., 2013). More specifically, if we take the equation (4.3.1) 
presented in section 4.3 of chapter 4, we can calculate the energy fluctuation accurately.  
From the spectrum, the component values of |10	Fa	(Qk Q¡⁄ |	and  (∆t¡ ∆tN%#		⁄  is 
about 28 dB and 4.7 respectively. Therefore, the calculated energy fluctuation (∆ ⁄  
is about 8.6% which is relatively higher than the value obtained from chapter 4 with a 
value of 6.17%. This suggests that the pulses are less stable which are also apparent 
based on the pulse pattern and pulse intensity standard deviations at both low and high 
pump powers. Therefore in overall, the generation of Q-switched pulse in this 
experiment has higher amplitude and pulse width fluctuations as compared to the pulses 
generated in chapter 4. This can be concluded that the dual light propagation directions 
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degrade the laser oscillation stability due to the mode competition occurred in the laser 
resonator.  On the other hand, there is no indication of high frequency harmonics 
suppression, as indicated by the inset of Fig. 5.16 which shows the RF fundamental 
harmonic and up to the 12th harmonic. This indicates that the pulses have a short rise 
and fall time, and clean train of pulses have been generated. 
 
Figure 5.16: Radio frequency measurement of Q-switched laser at a repetition rate of 
12.2 kHz using RFSA, with inset showing the RF harmonics of the laser pulses. 
 
5.6  Summary 
Graphene oxide has successfully deposited on a fiber ferule face via optical 
deposition method without the use of toxic chemical solvent and ultrasonification for 
particle dispersion as required by the graphene and CNT materials with DMF solution. 
This is accomplished by having graphite oxide nanopowder dispersed in a beaker 
contained water, and a fiber pigtail submerged in the beaker with ASE power is radiated 
in the water for heat convection and thermophoresis effects to take place. Optimization 
of the process was not conducted in the scope of work where the deposited layers can be 
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controlled as demonstrated by Kashiwagi et al. (2009). This can be accomplished by 
controlling the amount of optical power, duration of optical radiation, and using 
reflectrometry technique. Moreover, the thermophoretic mobility, DT sign is still need to 
be determined through experimental work which can either contribute or degrade the 
optical deposition efficiency. After the optical deposition process, the optical fiber 
scope was used to observe the deposited GO layers on the ferule facet in order to ensure 
the success of the deposition on the fiber core which is critical for Q-switched laser 
generation. 
Furthermore, Raman spectrometer was used to confirm the presence of GO material 
on the fiber ferule facet. The comparison study on the degree of defect between the 
GOSA by optical deposition and GOSA film under the same measurement condition 
was also conducted. The analysis shows that the ID/IG ratio value of GOSA optically 
deposited is 0.92>0.86 (GOSA film) suggests that the GOSA film has higher disordered 
structure or density of defect. This proves that the GOSA by optical deposition has 
higher capacity for saturable absorption than the GOSA film. The GOSA by optical 
deposition also has been tested in a 2 µm thulium-doped fiber laser to generate Q-
switched laser. The Q-switched fiber laser is capable of providing a pulsed laser output 
at the 2.0 µm region in a compact and easy to operate form factor; which is useful for 
the eye-safe applications such as in range-finding, sensing and many more.  
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CHAPTER 6: GRAPHENE OXIDE PAPER FOR THE GENERATION OF 
DUAL-WAVELENGTH Q-SWITCHED FIBER LASER 
6.1  Introduction 
Multi-wavelength fiber lasers have raised many research interests in recent years due 
to their demand for industrial applications. Recently, dual-wavelength fiber laser 
(DWFL) has shown many of its applications such as in differential-absorption-LIDAR 
(DIAL) (Sharma et al., 2004) measurement and generation of soliton pulse trains, 
microwave radiation (Dennis et al., 2007, Pradhan et al., 2006) and terahertz generation 
(Jeon et al., 2010). The generations of microwave and terahertz radiation are made 
possible by the optical beating process from the dual-wavelength fiber laser with having 
narrow wavelength spacing. Moreover, by Q-switching the laser system, one can enable 
the microwave and terahertz signals to operate in pulsed mode with having high pulse 
energy signals for a short time features. This will be useful in the microwave and 
terahertz fields that typically requires that specifications.  
Recently, a graphene oxide paper (GO) paper, which has similar chemical 
characteristic of the previously developed GO (in Chapter 3 and 5), was also introduced 
for various possible applications. It exhibits high fracture strength and tensile modulus 
due to its well-aligned sheets and intercalated water structures (Medhekar et al., 2010). 
In fact, GO paper is superior to many other paperlike materials due to its stiffness and 
strength owing to the hydrogen bond network in the material (Gao et al., 2011). Also, 
due to its fabrication method, all the GO nanosheets in the paper are confirmed to be 
exfoliated; yielding dispersive single layer of GO sheets being aligned in the well-
ordered structure.  
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Up to date, many works on all-fiber dual-wavelength fiber lasers have also been 
reported due to their potential applications in optical instrument testing, optical signal 
processing, fiber sensing systems and microwave photonics. For instance, a dual 
wavelength Q-switched fibre lasers was recently demonstrated by Luo et al. (2010) 
using graphene saturable absorber as a Q-switcher. In this chapter, a dual-wavelength 
Q-switched Erbium-doped fiber laser (EDFL) with a very narrow wavelength spacing of 
33 pm is demonstrated by using a commercial GO paper as saturable absorber. It 
utilizes a tunable bandpass filter (TBF), a short length of photonics crystal fiber (PCF) 
and a PC in the ring cavity to produce the narrow spacing dual-wavelength laser. The 
characteristic of the GO paper is discussed and compared with the previous GO film in 
the following section. 
6.2  Reviews on the Fabrication Method and Structure of GO Paper 
Crystallite carbon based paper-like material was first demonstrated by the carbon 
nanotubes (CNT) material fabricated via flow-directed filtration process (Ng et al., 
2005). The advance material structure has been served in many applications such as in 
fuel cell (Waje et al., 2005), structural composite (Coleman et al., 2003), 
electrochemical energy storage (Pushparaj et al., 2007), sensors and actuators (Yagoh et 
al., 2006, Baughman et al., 1999) and many more.  Similar to CNT, graphene oxide 
layers can also be assembled in the same fabrication method. However, with the GO 
hydrophilic property, this allows GO paper based material to be produced at a larger 
scale than the CNT. Moreover, the planar feature of a GO sheet makes it easier to 
assemble into paper-like materials as compared to CNT.  The fabrication method based 
on the flow directed filtration allows graphene oxide aqueous suspension induces self-
assembly of individual sheets into a stacked, layered structure with near-parallel sheet 
arrangement, yielding a self-supporting, mechanically strong paper upon drying 
(Stankovich et al., 2010).  
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The structure of GO paper is unique with each GO sheets are interlocked/tiled 
together in a near-parallel manner with the presence of water molecules act as interlayer 
adhesive through hydrogen bonding. Figure 6.1 compares the GO paper structure with 
the film one at a cross-section point of view. As shown in Figure 6.1 (a), the GO layers 
in paper are orderly arranged with layer to layer distance of about 0.83 nm embedded in 
water molecule (Dikin et al., 2007).  On the other hand, the nanosheets in GO film are 
disordered and randomly oriented as shown in Figure 6(b). Hence, the GO paper 
exhibits a better stiffness (in-plane) compared to the film. 
 
 
 
 
 
 
 
 
 
Figure 6.1: Graphene oxide (GO) saturable absorber structures: a) GO paper, and b) 
GO film. 
 
Moreover, there is probability that the nanosheets can agglomerate after the drying 
process for the GO film. This is mainly due the interaction forces occurred between the 
nanosheets by the van der Waals attraction from the π-conjugated domains and the 
hydrogen bonding from the oxygen functional groups. In addition, the nanosheets can 
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be locally folded upon drying due to the electrostatic repulsion force and thus forming 
the film surface wrinkle which can increase the material refractive index significantly. 
The attraction and repulsion forces mentioned are highly depends on the nanosheets 
interacting distance, the surface charge density and the fabrication process. The GO 
paper, with its ordered structure provides smoother and evenly surface features as 
compared to the GOSA film. The smoother surface property of GO paper will 
significantly reduce light scattering effect in the optical fiber. As a result, the 
modulation depth of the SA can be enhanced for obtaining shorter Q-switched pulse 
width and the lower refractive index will also promote higher laser output power. 
6.3  Characterisation of Graphene Oxide Paper 
GO SA used in this experiment is based on Graphene Oxide paper purchased from 
Graphene Supermarket at a comparable low price due to its simpler manufacturing 
process with mass production. It has a thickness of 10 µm, radius of 2.0 cm, and a 
tensile modulus> 20 GPa. A small piece of the GO material was cut at a size that could 
cover the fiber optical path entirely. In a similar manner as demonstrated in Chapter 3, 
the GO paper piece is placed on the fiber ferule facet with the index matching gel acted 
as an adhere element. Fig. 6.2 shows the microscopic image of a fiber ferrule consisting 
of a piece of the GO paper with a surrounding index matching gel. As shown in the 
figure, the GO paper sits at the center of the inner section covering the fiber core and 
thus blocking the laser path. 
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                (a)                                 (b) 
Figure 6.2: Microscopic image of a) Graphene Oxide (GO) paper surrounded by index 
matching gel b) Fiber ferule face showing the inner (dark area) and outer (bright area) 
sections of the ferule. The GO paper sits at the center of the inner section covering the 
fiber core. 
 
Raman spectrum of GO paper was measured using Renishaw Raman Spectroscopy. 
In the measurement, a 50 mW laser at wavelength 532 nm was radiated on the GO 
paper for duration of 10 s to generate a Raman spectrum as shown in Fig. 6.3. The 
peaks of D and G bands of GO normally located around 1352 cm-1 and 1585 cm-1, but it 
is found to be at approximately 1353.00 cm-1 and 1585.35 cm-1 respectively in Fig. 2. 
The relative intensity ratio of both D and G peaks (ID/IG) has a value of 0.8971. On the 
other hand, the small peak at 2329 cm-1 is the N2 peak which indicates the presence of 
ambient Nitrogen gas. In Fig. 6.3, the 2D band which normally used to distinguish the 
thickness and doping level of the graphene sheets was not observed. This might due to 
the contribution of unintentional doping including O2 ( Zhao et al., 2012). After the 
Raman spectrum measurement is taken, the fiber connector is connected with another 
connector via FC/PC adapter to sandwich the GO paper to avoid major displacement 
and form the required SA. 
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Figure 6.3: Raman spectrum of Graphene Oxide paper measured using Renishaw 
Raman Spectroscopy. 
 
6.4  Experimental arrangement of Q-switched DWFL with Graphene Oxide 
Paper 
Fig. 6.4 shows the experiment arrangement of a Q-switched dual-wavelength fiber 
ring laser with a total laser resonator length of approximately 6 m long. A 3 m long 
EDF as gain medium is used to provide an amplified spontaneous emission (ASE) at C-
band by pumping it with a 980 nm laser diode through a wavelength division 
multiplexer (WDM). The two isolators are used to ensure unidirectional light 
propagation and the stability of the generated laser. A photonics crystal fiber (PCF) in 
10 cm long, polarisation controller (PC) and a tunable band pass filter (TBF) are used to 
produce a stable and narrow spaced dual-wavelength laser via Mach–Zehnder 
interferometer effect (Chen et al., 2009), band pass filtering and polarization hole 
burning (PHB) effect (Moon et al., 2005, Feng et al., 2008, Tu et al., 2008). The PCF is 
mechanical coupled with SMF-28 fiber via the bare fiber holders giving an insertion 
loss of about 6 dB and it also exhibit zero-dispersion wavelength at about 1550 nm.  In 
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the inset of Fig. 6.4, shows the microscopic picture of the PCF’s cross section, having 
air holes with diameter of 5.06 µm and the distance between the centers of each hole is 
5.52 µm. It has a solid core structure with a diameter of 4.37 µm and a fiber diameter of 
124 µm. The hollow holes at the cladding and the solid core structure gives rise to its 
birefringence property due to having high effective refractive indices difference 
between the two regions. 
 
 
 
 
 
 
 
 
 
Figure 6.4: Experimental arrangement of the dual-wavelength Q-switched fibre laser. 
 
The multi-wavelength laser is produced by having the PCF incorporated in the 
resonator which produces the fringe spacing effect or the Mach–Zehnder interferometer 
effect.  Since, light propagating in the PCF at the cladding has smaller effective 
refractive index as compared to the light propagating at the core; the light fundamental 
and cladding modes propagate at different phase velocities. The phase difference is 
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produced as the modes propagate along the PCF and depends on the wavelength of the 
guided light and the length of the PCF. Since the phase velocities and the phase 
difference are wavelength dependent, the optical power transmitted by the PCF will be 
maximum at certain wavelengths and minimum at others which give rise to the fringe 
spacing effect (Chen et al., 2009). The laser transmission peaks with the spacing 
between consecutive peaks of a two mode PCF is given by∆ = 	 ∆e%⁄ , where ∆e% 
is the effective refractive indices difference between the core and cladding modes in the 
PCF or simply the birefringence coefficient and L is the PCF length. 
The PC is used to change the polarization states and allows the adjustment of the 
birefringence modes in order to control the number of laser wavelength peaks and 
balance the gain and loss in the laser resonator. In the absence of the PCF and PC in a 
ring laser, different light wavelengths propagating in the cavity have nearly similar 
polarization states. In contrast, the presence of the PCF and PC in the cavity produce 
diverse polarization states of different wavelengths due to wavelength-dependent 
polarization rotations which give rise to PHB effect when the light enters the EDFA. 
The PHB effect is responsible to give rise to spectral hole burning effect which in turn 
reduces the EDF homogeneous line width and supress mode competition. As a result, 
stable multiwavelength laser at room temperature can be obtained. 
For the generation of the dual-wavelength laser, a tunable Band-pass filter (TBF) 
with a bandpass bandwidth of 0.8 nm and tuning resolution of 0.05 nm is employed into 
the laser cavity to filter the unwanted laser emissions. By carefully fine tune the TBF 
and PC, a narrow spacing dual-wavelength laser is obtained.  Without the TBF, the 
multi-wavelength laser will tend to lase at wavelengths with a larger spacing. A GOSA 
assembly is then placed inside the laser cavity as a component to generate the Q-
switched dual-wavelength laser. It is noted that, the GO paper does not exhibit 
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birefringence property; therefore it does not affect the polarisation states of the 
propagating light and therefore does not affect the multi-wavelength laser generation. A 
90:10 coupler is used to tap out 10% of the laser light from the ring cavity. In order to 
make accurate measurements, a 3dB coupler is used to split the laser power into two, 
where one channel is connected to the optical spectrum analyser (OSA) to monitor the 
dual-wavelength laser spectrum while the other channel to measure either average 
output power, pulse pattern, and RF spectrum.  
6.5  Performance of the Q-switched DWFL 
At first, the generation of the continuous wave (CW) dual-wavelength fiber laser 
(DWFL) was obtained by pumping a 66 mW of 980 nm laser from the laser diode into 
the ring cavity without the GOSA. The optical spectrum of the narrow spacing DWFL 
was monitored using both from the low resolution OSA (Yokogawa-AQ6370C) and 
high resolution OSA (APEX AP2051A – at 0.16 pm resolution and 0.164 nm span). The 
PC is fine tune until dual-wavelength laser is generated and measured from the OSAs as 
shown in Figs. 6.5 a) and b), where the spacing between the two wavelengths of 28 pm 
is obtained for both from the two different OSA measurements. The peak powers for the 
dual-wavelength CW laser, at low resolution OSA are measured to be -19 dBm and -
17.6 dBm which gives the power difference of 1.4 dB. At a similar condition, but 
measured using high resolution OSA, the peak powers for the dual-wavelength laser are 
-17.8 dBm and -14.3 dBm which gives a power difference of 3.5 dB. This difference in 
set of powers between two sets of measurements are due to the difference in the 
sensitivity between the two OSAs in measuring power level. On the other hand, the 
difference in peak powers of the dual-wavelength is due the gain competition owing to 
the homogeneous gain broadening in the erbium doped fiber. There is also a significant 
in difference in the signal to noise ratio (SNR) values between the two measurements.  
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Figure 6.5: Optical spectra of dual-wavelength laser; a) measured using low resolution 
OSA at CW operation, b) measured using high resolution OSA at (i) CW and (ii) Q-
switched.  
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The low resolution OSA gives SNR of 1.01dB, while the high resolution OSA gives 
53.7 dB of SNR with 0.6 pm of 3 dB linewidth. 
The major difference is owing to the high resolution OSA has higher sensitivity to 
detect more light signals at different wavelengths. After the CW dual-wavelength laser 
measurements, the fiber patchcords contained the GOSA is incorporated into the ring 
laser resonator to trigger the Q-switching effect. Fig. 6.5 b (ii) shows the high resolution 
optical spectrum scan after the GOSA is placed in the cavity. Series of spikes are 
observed which are the multi-longitudinal mode oscillations caused by the GOSA 
interfering the pre-lase signal to make strong lasing mode selection. The Q-switched 
DWFL obtained, has an approximately wavelength spacing of 33 pm and a SNR of 49.6 
dB, which differs slightly when operating in CW regime due to the multi-longitudinal 
mode oscillations. It is noted that, at a resonator length of 6 m, the band-pass bandwidth 
of 0.8 nm can allow more than 2000 longitudinal modes to transverse through the TBF. 
To monitor the optical power fluctuation of the Q-switched DWFL in time domain, the 
other port of the 10% output is connected to an InGaAs photodetector (Thorlabs  
 
 
 
 
 
 
 
 
Figure 6.6: The Q-switched dual-wavelength fiber laser pulse train pumped at 66 mW. 
Repetition rate =27.3 kHz 
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MOBEL D40FC) that linked to a digital oscilloscope (OSC, LeCroy 500 MHz). A 
series of stable pulse train with pulse repetition rate of 27.3 kHz is observed as shown in 
Fig. 6.6 at the pump power of 66 mW. 
In order to study the quality and stability of the Q-switched pulse generated, a few 
single pulses are captured in a higher resolution time domain setting using digital 
oscilloscope with time separation of roughly 10 s for each of them at the same pump 
power. They are then overlap together to observe the different between each pulse 
pattern as shown in Fig. 6.7. It is observed from the figure that the maximum amplitude 
fluctuation of the pulses is fall within 0.57 mV with maximum amplitude of 5.31 mV. 
The average pulse width is found to be 7.4 µs at full width half maximum (FWHM) 
with an approximately maximum pulse width variation of 0.85 µs. The stability of the 
Q-switched pulses is further analysed by measuring the power output fluctuation with  
 
Figure 6.7: 6 different pulse traced of a single pulse profile pumped at 66 mW.  
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RF spectrum analyser (RFSA). Fig. 6.8 shows the first harmonic RF spectrum of the Q-
switched DWFL at 20 kHz span, with resolution and video bandwidth of 300 Hz and 
1 MHz respectively.  The signal has a peak-to-noise ratio of about 37 dB which confirm 
pulse stability (Tan et al., 2013), agreeing with the time domain analysis as shown in 
Fig. 6.7. The value obtained for  |10	Fa	(Qk Q¡⁄ |	and  (∆t¡ ∆tN%#		⁄  is about 37 dB and 
4.3 respectively, thus the energy fluctuation calculated is about 0.0293 or 2.93% which 
confirms pulse train stability. 
 
Figure 6.8: Radio frequency spectrum of the Q-switched dual-wavelength fiber laser at 
the fundamental harmonic. 
 
With current fixed setup, minor tuning of the Q-switched DWFL can be performed 
by changing the 980 nm pump power. The changes of the 980 nm pump power offers 
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54 mW. The repetition rate increases linearly from the threshold to a 31 kHz of 
repetition rate 69 mW of pump power which is at the limit condition for stable Q-
switched operation. Since the dual-wavelength laser has a very narrow spacing and 
broad laser bandwidth, the two wavelengths will eventually bound to merge together as 
the pump power is increased above 69 mW. This contributed to unstable dual-
wavelength laser generation which limits to further increase in the pump power for Q-
switching operation. Moreover, the pulse width decreases with exponent manner from 
13.2 µs, reaching to a saturation value of about 7.04 µs at 69 mW pump power. Fig. 
6.10 shows the average output power dynamics at different pump powers. The average 
output power increases linearly as the pump power is increased. Under the pump power 
of 69 mW, the average output power of 0.086 mW and pulse energy of 2.8 nJ is 
obtained. 
 
 
Figure 6.9: Pulse width and repetition rate characteristics at different pump powers. 
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Figure 6.10: Average output power and pulse energy characteristics at different pump 
powers. 
 
6.6  Summary 
The GO paper fabrication method, structure and property have been reviewed and the 
necessary comparison has been made with the GOSA film. The analysis shows that due 
to the ordered structure of GO paper, it can exhibit smoother surface area and thus can 
reduce the scattering effect when incorporated in the laser resonator. The GO paper has 
been tested in producing narrow spaced Q-switched dual-wavelength fiber laser. The 
high resolution OSA is used to enable accurate spectrum measurement of the laser at 
CW and Q-switched regime. It has a Q-switched threshold of around 54 mW.  At the 
pump power of 66 mW, the Q-switched DWFL has an approximately wavelength 
spacing of 33 pm and SNR of 49.6 dB. At this pump power, RF spectrum and time 
domain analysis confirms pulse stability with RF signal SNR of 37 dB and a maximum 
pulse width variation of 0.85 µs. Above the pump power of 69 mW, the Q-switched 
DWFL becomes unstable and the pulse width widens as the pump power is increased. 
However, at 69 mW of pump power, the pulse has a pulse width, repetition rate, and 
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pulse energy of 7.04 µs, 31 kHz and 2.8 nJ respectively. These properties make our Q-
switched DWFL suitable in the applications such as biomedical, microwave optics, 
metrology, and environmental sensor. 
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CHAPTER 7: CONCLUSION AND FUTURE OUTLOOK 
6.1  Conclusion 
The main purpose of this work is to demonstrate the generation of Q-switched fiber 
lasers at both 1.5 and 2 µm wavelength regions using graphene oxide (GO) material as 
saturable absorber (SA) device. This study also aimed to investigate how the optical and 
chemical properties of GO material are different as compared to graphene and carbon 
nanotube (CNT). Various fabrication methods in preparing the GOSA are also explored 
and evaluated. We also investigated how different fabrication methods affect the 
saturable and non-saturable absorption properties of the SA.  
In chapter 2; the review and modification of differential rate equations and the pulse 
build-up equations have been established to specifically describe the Q-switched fiber 
laser operation in a ring configuration setup (unidirectional light propagation scheme). 
The theoretical analysis was based on quasi-three level active medium, which is 
continuously pumped by a typical laser diode. The analysis also includes both the upper 
and ground states absorption of the SA but excludes the carrier interaction. In addition, 
the pulse-build up equations, which were derived from the differential rate equations 
have also been reviewed and modified in Chapter 2 to describe the Q-switched 
threshold, the photon density rate increment and the gain population inversion 
dynamics. This chapter also reviewed the saturable absorption principles at the 
microscopic level and the non-linear saturable absorption behaviour. Those works have 
been established in order to predict, explain and analyse the Q-switching performance 
of the laser when GO is used as the SA.  Furthermore, with the established theory, one 
can make prediction beyond from the obtained results in order to improve and optimize 
either the fabrication process or the laser resonator design. 
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The main contributions of this work are listed as follows: 
In chapter 3, the fabrication and characterization of the GO film were presented. The 
fabrication and characterisation includes: 
1) GO colloid with a concentration of 0.5 mg/mL has been prepared from pure 
graphite flakes via Huang’s Method which provides simpler and cost-
effective process as compared to other fabrication methods. 
2) UV-vis spectrum measurement and analysis are performed for the 
characterisations of the GO colloid. The spectrum analysis, reveals a peak to 
shoulder absorbance intensity ratio value of 3.26 which suggests that the GO 
sample in this work has a high number of aromatic rings. 
3) A GO film was fabricated from the GO colloid via drop-casting method. The 
GO colloid with volume of 10 ml was thinly distributed onto a 90 mm petri-
dish before it was left to dry at room temperature for 1 day to form a film. 
Then the film was cut into a piece and placed on fiber ferule core with index 
matching gel act as adhesive element. 
4) Raman spectrum measurement and analysis on GO and CNT on the fiber 
ferule have been presented. The comparison analysis shows that the GO has 
much higher degree of disordered based on the observation of the significant 
difference in the D peak intensity as shown in the Raman spectrum.  
5) The relationship between the intensity ratio (ID/IG) and the effective aromatic 
cluster correlation length, LAeff   has been modelled and analysed to 
investigate the saturable absorption capacity of the GO. From this analysis, 
we can conclude that the GO material has significantly lower number of 
aromatic rings as compared to CNT and graphene due to the high 
concentration of defect caused by the presence of the oxygen functional 
groups. This leads to GO having lower capacity for saturable absorption.  
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In chapter 4, a Q-switched fiber laser generation has been successfully demonstrated 
using a very short length of Bismuth-erbium doped fiber, Bi-EDF (21 cm) as a gain 
medium and with the GO film. The performance of the laser is listed below,  
1) The tunability of Q-switched laser has been demonstrated using TBF where 
the laser maintained an average laser power of -16.8 dBm within the 
operating wavelength range at the pump power of 92 mW.   
2) The Q-switched threshold is measured to be about 65 mW of pump power. At 
the maximum pump power, the output power of 0.11 mW is achieved with 
pulse energy and peak power of 4.3 nJ and 0.56 mW are obtained 
respectively. The narrowest pulse width of 7.7 µs and maximum repetition 
rate of 27.2 kHz are obtained.  
3) The pulse shape measured resemble a nearly Gaussian symmetrical shape 
where it has been observed that at higher pump power, the pulse skewness 
become slightly greater.  
4) RFSA shows a stable Q-switched laser at the pump power of 92 mW having a 
peak-to-noise pedestal ratio of about 31 dB at the fundamental frequency 
(21.8 kHz), with the calculated energy fluctuation obtained is 6.17 %. This 
analysis also suggests that the pulse duration fluctuations are also stable due 
to the mutual correlation with the pulse intensity fluctuations.  
5) The low optical efficiency, limitations of the pulse width and signature of 
pulse width saturation have been discussed in relation to the quantum 
efficiency of the Bi-EDF, saturable absorption and nonsaturable loss of the 
GOSA film respectively. The nonsaturable loss that depends on the film 
surface wrinkles and film thickness of the GO film has been addressed which 
also affected the optical efficiency of the laser. 
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In chapter 5, GO layers have been optically deposited onto fiber ferule facet to 
generate Q-switched fiber laser at the eye-safe 2 micron region. The efficiency of the 
deposition process should be improved by optimizing the optical deposition process 
such as increase in the optical power and the use of reflectrometry technique. Moreover, 
an experimental work is still needed to determine the thermophoretic mobility,  sign 
which can degrade or contribute the optical deposition efficiency.  Below are the list of 
findings and the completed work done in this chapter. 
1) GO layers have been successfully deposited onto a fiber ferule facet via a 
simpler, cost-effective and less toxic method based on an optical deposition 
technique. The hydrophilic property of the GO material allowing the ease and 
effective bulk layers dispersion in water to attain an average particle size of 
90 nm.  
2) The optical deposition mechanism that worked based on heat convection and 
thermphoresis have been explained and evaluated. 
3) Optical fiber scope was used to ensure the successful of GO layers deposited 
onto the core of the fiber ferule. 
4) A comparison analysis on Raman spectra has been performed to evaluate the 
degree of defect between the GOSA by optical deposition and GOSA film. 
The analysis on the ID/IG ratio value shows that GOSA optically deposited 
with the ratio value of 0.92>0.86 (GOSA film) confirms that the GOSA film 
has higher density of defect. We can conclude that the GOSA film has higher 
density of defect and lesser number of aromatic rings leading to lower 
saturable absorption coefficient. 
5) A 2 micron Q-switched fiber laser has been successfully generated using the 
GOSA, which was optically deposited on a fiber ferule facet and a 2 meters 
thulium-doped fiber as the gain medium.  
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6) A Q-switched laser threshold of 125 mW was obtained with a maximum 
pulse repetition rate of 16.0 kHz and minimum pulse width of 9.8 µs at the 
maximum pump power of 164 mW. The maximum average output power of 
0.3 mW, pulse energy of 18.8 nJ and pulse peak power of 1.91 mW were 
obtained.  
7) The energy fluctuation of 8.6% obtained is relatively higher than the value 
obtained from chapter 4 (6.17%). In addition, the pulse pattern shows that it 
has higher pulse peak fluctuations with higher standard deviations. These 
results suggest that the laser is less stable due to mode beating and mode 
competition. This is can be solved by utilizing a single light propagation 
scheme as demonstrated in chapter 4 to promote single longitudinal mode 
(SLM) operation. 
In Chapter 6, the fabrication method, layer structure and property of GO paper have 
been reviewed and the necessary comparison has been made with the GOSA film. Due 
to the ordered layer structure of GO paper, the paper exhibit smoother surface area as 
compared to the GO film as demonstrated in chapter 3. This can reduce the scattering 
effect and thus the nonsaturable loss when the GO paper is incorporated in the laser 
resonator.  Then, the GO paper has been tested in the generation of a narrow spacing Q-
switched DWF with below are the list of the test results. 
1) Laser spectrum analysis is measured using both from the low and high 
resolution optical spectrum analyser (OSA); the results show there is a large 
in difference in terms of the SNR values and power levels. This is due to the 
high resolution OSA is more sensitive of detecting more light signal at 
different wavelengths.  
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2) A Q-switched threshold of around 54 mW was obtained and has an 
approximately wavelength spacing of 33 pm and SNR of 49.6 dB when 
pumped at 66 mW.  
3) RF spectrum and time domain analysis confirms pulse stability with RF 
signal SNR of 37 dB and a maximum pulse width variation of 0.85 µs at the 
pump power of 66 mW. The energy fluctuation of 2.93% was also obtained at 
this pump power. 
4) Further analysis shows that at above 69 mW of pump power, the Q-switched 
DWFL becomes unstable and the pulse width widens as the pump power is 
increased. Therefore, at the maximum pump power of 69 mW for stable q-
switching operation, the pulse has a repetition rate of 31 kHz, pulse width of 
7.04 µs and pulse energy of 2.8 nJ. 
6.2  Future work 
The future works should be focused on the following topics in order to improve the 
Q-switched laser performance and to develop a better saturable absorber device: 
1) The oxidation level of GO needs to be further increased to increase the GO 
sheet size and the number of aromatic rings. This can be accomplished by 
controlling KMnO4:acid (H2SO4:H3PO4) weight ratios where the higher ratio 
is expected to give a higher oxidation level.  An additional experimental work 
is needed in order to prove the assumption. 
2) The optimization of laser cavity should be carried out by reducing the total 
cavity length, and by optimizing the pumping scheme. This will improve the 
Q-switched laser output pulse width, increases the average output power and 
efficiency. Moreover, a thinner layer and evenly surface of the GO film needs 
to be fabricated in order to minimize beam divergence and scattering effects 
to reduce the nonsaturable loss and improve the laser performance. 
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3) The numbers of GO layers deposited on the fiber ferule through the optical 
deposition method needs to be reduced in order to reduce the nonsaturable 
loss. This can be accomplished by using the reflectrometry methods, 
controlling the right amount of optical power and reduce the duration of 
optical radiation. In addition, further analysis on the thermophoretic mobility 
for the negatively charged GO colloid is needed in order to determine the 
optical deposition efficiency. 
4) The 2 micron Q-switched fiber laser stability can be improved by utilizing 
unidirectional propagation scheme to minimize longitudinal mode 
competition and to promote SLM operation. 
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